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ABSTRACT
Ultra-high performance concrete (UHPC) is characterized by a very low water-to-cement 
ratio, which causes a substantial portion of cement to remain unhydrated. As emissions 
from cement production are harmful to the environment, greener concrete can be 
achieved by partially replacing the unhydrated cement in UHPC with more 
environmentally friendly materials, such as ground limestone. This dissertation evaluates 
the effects of various particle sizes and dosages of fine limestone on the early-age 
properties of UHPC. Workability, setting time, heat of hydration, compressive strength, 
and drying shrinkage are among the properties that have been examined. Results indicate 
an improvement in the hydration process along with enhanced mechanical properties 
when incorporating fine limestone in UHPC. It was found that up to 20% of cement can 
be partially replaced by fine limestone while maintaining similar engineering properties 
to that of mixtures without limestone. Therefore, fine limestone allows for the production 
of greener concrete with potentially improved characteristics, while reducing energy 
consumption and greenhouse gas emissions from cement production.
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1.1 ULTRA-HIGH PERFORMANCE CONCRETE (UHPC)
Ultra-high performance concrete (UHPC) is a relatively new concrete development in the 
construction industry. This material has no course aggregate, and is characterized by very 
high strength and durability. Furthermore, UHPC has the potential to assist in the creation 
of lighter and more slender structures [Van Tuan et al., 2011], One key feature of UHPC 
is its very low water-to-cement (w/c) ratio, which leaves a large quantity (approximately 
42%) of cement unhydrated in its mature microstructure [Granger et al., 2005; Soliman 
and Nehdi, 2010]. Such unhydrated cement acts as a particle packing material, creating a 
denser and consequently stronger microstructure [Graybeal, 2005], Moreover, when cast 
on site, UHPC may suffer from a long setting time [Graybeal, 2006; Graybeal, 2007], 
This may imply later removal of formwork, and thus delays in construction schedules. 
Accelerating admixtures can assist in alleviating this problem; however the addition of 
certain admixtures, namely those incorporating chloride ions, can introduce durability 
problems (including reinforcing steel corrosion). To overcome this issue, non-chloride 
based accelerating admixtures have been proposed. However, higher dosages of such 
accelerating admixtures are typically required in order to achieve similar accelerating 
effects to that of chloride accelerating admixtures [Ramachandran, 1995], thus leading to 
a more costly alternative.
Chapter 1 2
Limestone filler (consisting mainly of ground calcium carbonate (CaCCb)) is an 
alternative material that can partially replace unhydrated cement in UHPC. CaC0 3  
usually has no chloride and can readily be found in chalk and marble, or produced 
artificially by combining calcium and carbon dioxide [Myers, 2007], Variations in 
temperature and pressure are able to produce CaC0 3  in the form of calcite, aragonite, and 
vaterite [Myers, 2007]. Studies focused primarily on using micro-sized calcite because it 
is the most stable form of CaCCb.
The addition of CaCCL has been shown to accelerate the hydration process of 
Portland cement by acting as a nucleation site on which hydration products form [Péra et 
al., 1999]. This micro-physical effect results in a higher development rate of mechanical 
properties [Sato and Beaudoin, 2007]. A higher accelerating effect occurs when more 
CaCC>3 is added [Ramachandran, 1988]. However, exceeding the optimal amount of 
CaC0 3 , which mainly depends on its particle size, can lead to a reduction in mechanical 
strength [Kakali et al., 2000; Matschei et al., 2007]. Furthermore, high volumes of CaCCb 
may lead to durability problems such as the development of thaumasite sulphate attack in 
wet and cold environments [Ghrici et al., 2007].
Limestone is commonly used in Europe in cement production, but remains limited 
in North American cement standards [Bentz, 2005], The Canadian Standards Association 
has been discussing protocols for the use of calcium carbonate additions in cement-based 
materials [Thomas et al., 2010]. More specifically, reevaluating the limestone content 
limits in cement that can be used for various applications and environments.
1.2 LIMESTONE FILLER
Chapter 1 3
Green concrete is a new and growing trend in the concrete industry. Over 10 billion 
tonnes of concrete are produced annually [Meyer, 2009], causing serious environmental 
and economic concerns. Just one tonne of Portland cement produced emits approximately 
one tonne of carbon dioxide (CO2) into the atmosphere [Meyer, 2009], In addition, it 
consumes substantial natural resources and energy. In order to achieve green concrete, 
cement can be partially replaced by inert materials such as calcium carbonate, or by 
supplementary cementitious materials (SCM’s) such as fly ash, silica fume, and ground 
granulated blast furnace slag [Sato, 2006]. This can be more valuable in UHPC, which is 
characterized by both a high cement content and very low w/c ratio. However, research 
has not thoroughly investigated the effects of limestone filler as a partial replacement for 
cement in such low w/c concrete. Furthermore, the standards regarding the limits for 
limestone filler content in cement are currently under review due to sustainability 
concerns and the need to reduce CO2 emissions from cement production. Hence, more 
research is needed in order to provide information regarding the effects of limestone in 
concrete with a very low w/c.
Ever since the invention of nano-materials, the concrete industry has been 
investing into exploring the effects of nano-size materials in concrete and their potential 
applications [Balaguru, 2005], Many nano-additives create superior results to that of their 
micro counterparts. For example, a previous study showed that the addition of nano-SiC>2 
(40 nm) improved the early-age compressive strength of mortar by approximately twice 
that induced by silica fume addition (0.1 pm) [Jo et al., 2007], Although there is a large 
amount of research that investigated the effects of very fine CaCC>3 particles [e.g. Kadri
1.3 NEED FOR RESEARCH
Chapter 1 4
and Duval, 2002], limited research had explored the benefits and potential applications of 
nano-CaC03 (15-40 nm) addition, particularly in UHPC. Therefore, the effects of adding 
nano-CaC03 on UHPC performance and its potential to accelerate the hydration process 
still need to be investigated.
1.4 RESEARCH OBJECTIVES
The objectives of this research are to:
1. Investigate the early-age behavior of UHPC incorporating various sizes and 
dosages of micro-CaC03 used as a partial replacement for cement, and the 
potential of producing more environmentally friendly concrete.
2. Determine the effects of nano-CaC03 as a partial replacement for cement on the 
early-age mechanical properties of UHPC, and its potential to act as an 
accelerator compared to conventional methods.
3. Study the effects of combining micro- and nano-CaC03 as a partial replacement 
for cement on the early-age mechanical properties of UHPC, and determine the 
optimum combination of sizes that yields the greatest performance.
1.5 STRUCTURE OF THESIS
This thesis follows the integrated-article format specified by the Faculty of Graduate
Studies at The University of Western Ontario. It consists of 6  chapters, three of which
Chapter 1 5
focus on the effects of CaCC>3 on concrete. These chapters all have experimental 
programs with comparable methodology, in order to be able to compare the results.
Chapter 1 consists of an introduction to the topic of the thesis, and outlines the 
research needs and objectives. Chapter 2 provides background information regarding 
limestone fillers and its known effects on concrete properties.
Chapter 3 investigates the effects of using various dosages of nano-CaC(>3 as 
partial replacement for cement in UHPC. The results are compared to those of 
commercial accelerating admixtures, in order to determine the potential of nano-CaCCb 
as a viable and competitive alternative in the concrete industry.
Chapter 4 examines the effects of using micro-limestone filler as partial 
replacement for cement in UHPC. A range of limestone filler sizes and dosages are used, 
and the results are compared to those of mixtures containing nano-CaC0 3  (from chapter 
3).
Chapter 5 studies the effects of using both micro- and nano-CaCCb as partial 
replacement for cement. One size of micro- and nano-CaC0 3  is used at various dosages. 
The results are examined to determine the mechanisms involved, along with the effect of 
high cement replacement levels.
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CHAPTER 2
EFFECTS OF LIMESTONE FILLER ADDITION IN CONCRETE:
AN OVERVIEW
The addition of limestone filler as partial replacement for cement is the central topic of 
interest in this thesis. There has been much research regarding the effects of such 
additions on both the early-age and long-term properties of concrete; however further 
research still needs to be addressed. This chapter provides a brief history and summary of 
related current design standards along with a discussion of the reactivity of limestone in 
concrete and its effects on concrete properties. The effects of limestone filler on concrete 
durability are also discussed.
2.1 HISTORY AND STANDARDS
Limestone has been incorporated into building materials as far back as 4000 B.C., for 
instance during the building of the pyramids in Egypt [Mayfield, 1988], In the span of 
2000 years, Egyptians used plaster consisting of lime and gypsum to join together the 
stone blocks of the pyramids [Mayfield, 1988]. Over 2000 years ago, the Greeks and 
Romans used lime mortars as a major construction material [Mayfield, 1988]. It was not 
until 1756 A.D., when John Smeaton was commissioned with the task of rebuilding the 
Eddystone Lighthouse, that the true benefits of limestone in hydraulic binder were
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discovered [Mayfield, 1988], In the early 1800’s, cement was made of clay and limestone 
in France and England [Mayfield, 1988]. In 1824, Joseph Aspdin invented Portland 
cement [Mayfield, 1988], which is made by burning limestone and clay in a kiln.
Following an oil shortage in 1973, governments have limited the consumption of 
fossil fuels for cement companies [Ingram and Daugherty, 1991], This stimulated the use 
of other materials to partially substitute for Portland cement. In addition, the production 
of cement is harmful to the environment. Just one ton of Portland cement produced emits 
approximately one ton of CO2 into the atmosphere [Meyer, 2009]. Currently there is an 
interest in using limestone as a partial replacement for cement in order to reduce energy 
consumption and CO2 emissions from cement production, along with saving oil [Ingram 
and Daugherty, 1991], However, due to durability concerns, the use of limestone is rather 
limited in cement standards. In Canada and the USA, up to 5% of limestone filler 
addition is allowed in cements [Hooton et al., 2007]. Europe has similar regulations, 
however there are six types of cements that contain 6-20% and 21-35% limestone 
[Hooton et al., 2007], South Africa follows the same standards as Europe [Hooton et al., 
2007], The limits vary in other countries, as Brazil, New Zealand, and Mexico have 
maximum limestone contents of 10%, 15%, and 35% as a partial replacement for cement, 
respectively [Hooton et al., 2007]. Table 2.1 summarizes these standards. The limits 
mentioned above are only for limestone addition in cement (i.e., as partial replacement 
for cement); it is not the limit for the amount of limestone that can be in concrete 
mixtures. Also, these limits are for micro-sized limestone and do not apply to larger sand 
or aggregate. Standards regarding the use of nano-limestone in cement have not yet been
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developed; hence the motivation for this research and recent interest in incorporating 
nano-limestone into cement.
Table 2.1: Standards regarding limestone filler content in cement
Region Limitation
Canada Up to 5%
United States of America Up to 5%
Europe
Up to 5%; with the exception of six types of 
cement that contain 6-20% or 21-35% 
limestone filler
South Africa Same as Europe
Brazil Up to 10%
New Zealand Up to 15%
Mexico Up to 35%
2.2 INTERGRINDING
Limestone can be interground or blended into cement [Hooton et al., 2007], The main 
obstacle with intergrinding is the control over the particle size distribution (PSD) of the 
interground cement. Limestone is a relatively softer material and can be ground more 
easily than Portland cement [Hooton et al., 2007], Therefore, it will comprise the 
majority of the finer particles in the interground cement [Neto and Campiteli, 1990; 
Campiteli and Florindo, 1990]. Since grinding depends on the hardest material in the 
mixture [Schiller and Ellerbrock, 1992] (i.e., the cement), the clinker will comprise the 
coarser portion of the interground cement [Neto and Campiteli, 1990; Campiteli and 
Florindo, 1990]. One drawback is that coarser clinker leads to lower reactivity [Campiteli 
and Florindo, 1990], affecting the rate of hydration, development of strength, and volume 
changes [Rahhal et al., 2011], It also lowers the optimum sulfate content in the mixture
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[Campiteli and Fiorindo, 1990], Furthermore, the particle size distribution (PSD) 
becomes wider with longer grinding time [Tsivilis et al., 2002], and hence it has been 
suggested [Neto and Campiteli, 1990] that one should grind the cement first before 
adding the limestone. The goal of partially replacing cement is to lower the emittance of 
CO2 from cement production into the atmosphere. However decreasing the amount of 
fuel energy used, may be offset by the additional electrical energy needed to grind the 
cement finer [Sprung and Siebel, 1991].
2.3 REACTIVITY
2.3.1 Is limestone chemically reactive in concrete?
Limestone has been studied both as an inert filler and a reactive material [Matschei et al., 
2007], Bouasker et al. [2008] suggest that, in the early ages (< 24 hours), limestone can 
be considered as chemically inert, only participating in the physical sense (i.e., nucleation 
of hydration products). Matschei et al. [2007] focused on the boundary between two 
phases: when CaCC>3 stops reacting with cement and begins to act as a filler. They used 
graphical methods to find this boundary based on the carbonate and sulfate ratio of the 
mixture. They concluded that 1-10% wt. CaCC>3 will participate in the hydration process 
of cement. Above 10%, the mixture is considered fully saturated with calcium carbonate 
and the additional compound will act as a filler. Kakali et al. [2000] reported that 2-3% 
wt. and up to 5.8% wt. is the amount of CaCC>3 that is reactive. Matschei et al. [2007] 
also found a correlation between the sulfate content in the cement mixture and the
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limestone reactivity, whereby the probability that limestone will react became smaller 
with increasing amounts of sulfate.
Since the realization that this compound can chemically react, limestone has 
shown the potential to accelerate the hydration process of cement, along with affecting 
the hydration of C3A and C3S [Bouasker et al., 2008].
2.3.2 Mechanisms of Limestone Addition
When using limestone as a partial replacement for cement, usually three mechanisms are 
present, the dilution effect, the filler/particle packing effect, and the nucleation effect 
[Rahhal et al., 2011]. The dilution effect is caused by a decrease in the number of cement 
active sites (i.e., less clinker) thereby increasing the effective w/c ratio of the mixture 
[Rahhal et al., 2011]. It has been reported that the w/c ratio is a key factor in determining 
the effectiveness of limestone [Pourkhorshidi et al., 2010].
The filler effect involves the usually finer limestone particles essentially filling 
the voids between cement grains to produce a denser microstructure. As a result, 
entrapped water is released, which can further contribute to better workability. Particle 
packing is dependent on the particle size distribution of the added material. Wang et al. 
[2011] added various sizes of limestone ranging in specific surface area from 416 to 1243 
m:/kg. Results indicated that finer limestone powders are more effective at filling voids. 
Furthermore, Klemm and Adams [1990] observed that 80-90% of the CaC0 3  in their 
mixture was left unreacted after 4 months, and therefore the majority of their added
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material acted as an inert filler. They also concluded that limestone is inert in Type II 
cements.
The nucleation effect occurs when the added material (limestone) acts as a surface 
(the nucleus) on which cement hydration products can form. Several researchers 
[Livesey, 1991a; Tezuka et al., 1992, Soroka and Setter, 1977] have reported that, 
through nucleation, limestone accelerates the hydration process of cement. In addition, 
finer limestone particles perform more effectively as nucleation sites due to their larger 
surface area [Stark et al., 1999, Soroka and Setter, 1977], Ramachandran [1988] 
hypothesized that limestone is incorporated into the hydration products by becoming 
chemically bound to calcium-silicate hydrates (CSH). Researchers [e.g. Sato, 2006] using 
nano-sizes of limestone observed enhanced nucleation due to the very high surface area 
of the added particles.
2.3.3 Interactions with C3A
In ordinary Portland cements (OPC), tricalcium aluminate (C3A) reacts with calcium 
sulfate (gypsum) in solution to produce high- and low- forms of calcium sulfoaluminates. 
When limestone is introduced into the mixture, it reacts with C3A to give similar high and 
low forms of calcium carboaluminates [Ingram and Daugherty, 1991]. However, 
Matschei et al. [2007] concluded that limestone would only react with C3A when small 
quantities of limestone are used. C3A is known to create flash set of the cement through 
its rapid reaction with water. Therefore, gypsum is introduced into cement to help control 
this reaction. Feldman et al. [1965] showed that limestone can also be used to suppress
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the hydration of C3A since calcium carboaluminates would form on the surface of C3A 
grains, and therefore hinder its further reactivity. Bensted [1980] reported that near the 
beginning of C3A hydration, the limestone and gypsum could react with each other, 
therefore causing a disturbance to the setting time and strength development of the 
mixture. However, the potential for this reaction depends on the type of cement used, 
along with the particle size distribution of the materials added.
2.3.4 Influence on Formation of Hydration Products
Turker and Erdogdu [1999] measured an increase in calcium hydroxide (Ca(OH)2 - 
mentioned herein as CH) formation, along with a modified structure for CH when 
limestone filler is added to hydrating cement. They attributed this effect to either the 
nucleation effect or the amount of dissolved limestone in the mixture. Kakali et al. 
[2000] noticed a very slight decrease in the CH levels at later ages (28 days) when 
studying samples containing 10 and 20% limestone. Barker and Cory [1991] used 25% 
limestone to study its effect on CH formation in cement paste. They observed that 
limestone affected the distribution and size of the formed CH deposits. In mixtures 
incorporating limestone, the CH was unevenly distributed across large regions of the 
microstructure. For mixtures without limestone, smaller regions with more evenly 
dispersed CH deposits were found. They also measured no effect compared to that of the 
control mixture when using a small dosage (5%) of limestone. Moreover, it has been 
demonstrated [Ramachandran and Chun-Mei, 1986a] that the hydration of CSH is
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accelerated when limestone is added to C3S. The nucleation effect is the main cause for 
this acceleration [Ramachandran and Chun-Mei, 1986a].
In the literature, there are conflicting results as to how limestone affects the 
formation of ettringite. No change [Ingram et al., 1990], a delay [Tsivilis et ah, 1998], 
and even an acceleration [Ramachandran, 1988; Ramachandran and Chun-Mei, 1986b] in 
ettringite formation have all been reported. Sellevold et ah [1982] found ettringite 
formation to increase in the early ages, and to slow down with time. Many [e.g. Ingram 
and Daugherty, 1991; Barker and Cory, 1991; Yang et ah, 2011] have observed that 
ettringite converts to monocarbonate hydrates in preference to the usual monosulfate 
hydrates in the presence of limestone, especially during the early ages. In addition, 
Barker and Cory [1991] found the production of monocarbonate hydrates to be enhanced 
when limestone was introduced into cements with high C3A contents.
2.3.5 Effect of Limestone Filler on Porosity
An improvement in the pore structure was found in concrete mixtures containing 
limestone [Wang et ah, 2011]. Finer capillary pores were observed by Sellevold et ah 
[1982], who attributed this to the nucleation effect, where the CSH distribution appeared 
to be more homogeneous than that in the control mixture. Wang et ah [2011] used 
various sizes of limestone filler with a surface area of 416, 841, and 1243 nr/kg, and 
concluded that the finer limestone powders better improved the pore structure. They also 
determined that the optimum dosage of limestone in cement was 1 0 % as it showed a 
denser and less porous microstructure.
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2.4 EFFECT OF LIMESTONE FILLER ON WORKABILITY
2.4.1 Effect of Particle Size
There is a general agreement in the literature that finer particle sizes of limestone powder 
improve the workability of cementitious systems [Nehdi et al., 1998; Moir and Kelham, 
1999; Tsivilis et al., 2002; Wang et al., 2011]. For instance, Wang et al. [2011] studied 
the effect of various limestone filler sizes having specific surface areas ranging from 416 
to 1243 m7kg. They concluded that finer particle sizes of limestone improved the 
workability of the mixtures compared to that of the control. The mixture incorporating 
5% limestone of the finest size (1243 m2/kg) was 26% more workable than that of the 
control mixture without limestone. The authors attributed this to the release of entrapped 
water, which was more apparent in mixtures incorporating finer limestone sizes. Detwiler 
[1995] demonstrated the effect of particle size distribution of limestone on the water 
demand of concrete mixtures. It was explained that a narrow PSD led to a higher water 
demand and consequently a less flowable mixture. A wider PSD had the opposite effect. 
Since limestone is easily ground, it has a wide PSD and therefore lowered the water 
demand by releasing entrapped water [Hawkins et al., 2003]. Sprung and Seibel [1991] 
also stated that the presence of chemical admixtures neutralizes surface forces, therefore 
making the water demand mostly dependent on interparticle spacing.
Yang et al. [2011] investigated the effect of the shape of limestone particles on 
the workability of mortar. Particle shape can be measured by evaluating sphericity, 
roundness, and surface texture [Yang et al., 2011]. They used limestone particle sizes 
ranging from 30-160 pm at 30% cement replacement. The results indicated that
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increasing the roundness of the limestone particles decreased the water demand, 
enhancing the workability by a maximum of 13%.
2.4.2 Effect of Addition Rates
Just as there is an agreement on the effect of size, there is also a consensus on the effect 
of addition rates of limestone. Many [e.g. Yang et al., 2011; Tsivilis et al., 2002; Sprung 
and Siebel, 1991; Schiller and Ellerbrock, 1992; Ellerbrock et al., 1985] have found that, 
in general, increasing the amount of limestone in the mixture improved workability.
Some [Sprung and Siebel, 1991; Schiller and Ellerbrock, 1992] have concluded 
that incorporating up to 1 0 % limestone addition can reduce the water demand of a 
system. This effect is due to the amount of entrapped water that is released when fine 
particles fill the gaps between cement grains, therefore making the mixture more 
workable [Sprung and Siebel, 1991; Schmidt, 1992], Furthermore, Sprung and Siebel 
[1991] stated that the packing effect is used to offset the high surface area of the 
limestone particles. Ellerbrock et al. [1985] noticed an improvement in workability when 
adding 5-30% limestone powder into hydrating cement. They also attributed this to the 
particle packing effect. At low w/c ratio (0.24-0.26) Guemmadi et al. [2005] found no 
trend when varying the size and dosage of limestone in cement paste. Figure 2.1 
demonstrates the effect of various limestone contents used by different researchers on the 
workability of concrete mixtures.
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Figure 2.1: The workability of concrete mixtures incorporating different dosages of
limestone.
2.5 EFFECT OF LIMESTONE FILLER ON SETTING TIME
There is very little agreement in the literature as to the effect on setting time when the 
amount and size of limestone are varied. Both no trend [Guemmadi et al., 2005] and a 
decrease in setting time [Vuk et ah, 2001; Tsivilis et al., 2002] have been reported when 
the size of limestone becomes finer. Similarly, both no trend [Guemmadi et al., 2005; 
Hooton and Thomas, 2002] and a slight decrease in the setting time were found when 
varying the limestone content [Tsivilis et ah, 2002; El-Didamony et al., 1995], Bouasker 
et al. [2008] studied the setting time of cement pastes when incorporating 20% and 40% 
CaCC>3 as partial replacement for cement. The specific surface area of the CaCC>3 was 
3970 cnr/g and the w/c used was 0.4. The results show setting times ranging from 31-
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59% shorter than that of the control mixture, when greater quantities of CaCCT were 
used. This was attributed to the increase in the rate of hydration caused by the nucléation 
effect. Hawkins et al. [2003] found shorter setting times compared to that of the control 
when limestone additions up to 8% were used as partial replacement for low-alkali 
cement. Instead of studying cement replacement, Bobrowski et al. [1977] partially 
substituted (50%) gypsum for limestone. The false set was reduced when using this 
method. Figure 2.2 (a, b) displays the initial and final setting times of cement paste 
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Figure 2.2: (a) Initial and (b) final setting time of cement paste incorporating different
dosages of limestone.
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Figure 2.2 (Cont’d): (a) Initial and (b) final setting time of cement paste incorporating
different dosages of limestone.
2.6 EFFECT OF LIMESTONE FILLER ON HEAT OF HYDRATION
When limestone is incorporated into cement, conflicting results including no trend 
(results varied and did not form a trend), no change (adding limestone did not affect the 
heat of hydration results), a retardation, or an acceleration in the heat of hydration with 
respect to that of the control has been reported in the literature. No trend was observed by 
[Hooton and Thomas, 2002], whereas no change was found by [Albeck and Sutej, 1991], 
The unaffected hydration profile is thought to be due to the finer sizes of the limestone 
accelerating the hydration process through nucleation [Soroka and Stem, 1976], and 
thereby offsetting the dilution effect [Albeck and Sutej, 1991; Tsivilis et al., 1998; Vuk et 
al., 2001]. For instance, Vuk et al. [2001] found no change in the hydration profile when 
up to 5% limestone addition was used.
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On the other hand, Rahhal et al. [2011] and Livesey [1991b] found limestone to 
reduce both the rate and amount of heat released; however [Livesey, 1991b] noticed that 
limestone accelerated the hydration process when finer cement grains were used. Barker 
and Matthews [1993] studied the effect of 5% limestone addition on the heat of 
hydration, and compared the results of limestone blended cement to that of interground 
limestone cement. Both samples containing limestone reduced the hydration peak 
compared to that of the control. This is apparently due to the dilution effect. In the 
blended cement sample, there was a slight, if any, retardation in the time when the 
hydration peak occurred, compared to that of the control. The sample that contained 
interground cement showed an acceleration of the peak. This was attributed to the 
fineness of the limestone. Ramachandran [1988] also found an accelerated hydration 
profile when up to 15% CaCCL was incorporated into C3S. This was attributed to the 
nucleation effect as hydration produ.cts precipitated on limestone particles. Moir and 
Kelham [1999] noticed that Portland cement containing limestone experienced more heat 
evolution than similar mixtures containing additives such as fly ash, slag, and various 
pozzolanic materials.
Bonavetti et al. [2003] noticed an increase in the degree of hydration compared to 
that of the control when up to 20% limestone was used. This trend was only apparent 
when higher w/c (0.35 -  0.5) systems were used. At lower w/c ratios (0.25-0.30), there 
was a space restriction, and no significant difference in heat of hydration compared to 
that of the control was found when using limestone. A similar acceleration effect was 
observed in studies conducted by [Xiong and van Breugel, 2003] and [Kakali et al., 2000] 
who tested limestone addition at w/c greater than 0.43, and at 0.3, respectively.
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Conversely, Bentz [2006] found an opposite trend to that of Bonavetti when using 20% 
limestone addition, where systems with lower w/c ratios (0.37-0.44) experienced higher 
degree of hydration than systems with a higher w/s ratio of 0.56.
Mixtures incorporating nano-limestone experienced an accelerated hydration 
profile compared to that of the control [Sato, 2006], This was attributed to the nucleation 
effect induced by such ultra-fine particles. Furthermore, Sato [2006] found no change in 
the hydration profile when using micro-limestone compared to that of the control 
mixture. Figure 2.3 illustrates the heat of hydration profiles for cement paste 
incorporating micro-limestone and nano-limestone.
15 20
Time (Hours)
Figure 2.3: Heat of hydration curves for cement pastes incorporating various sizes of 20 
to 22% limestone at different w/c ratios. Note: [a] is [Sato, 2006], and [b] is [Xiong and
Van Breugel, 2003],
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2.7 EFFECT OF LIMESTONE FILLER ON MECHANICAL PROPERTIES
2.7.1 Compressive Strength
The compressive strength of cementitious materials is dependent on many factors 
including the type and proportions of the additive, its fineness, the amount of the 
additive, and the w/c ratio of the system. It has been proposed that interground cement 
incorporating 5% limestone may improve the early-age strength [Hooton et al., 2007; 
Livesey, 1991a], This effect can be attributed to the filler effect [Siebel and Sprung, 
1991], accelerated hydration due to nucleation [Vuk et al., 2001; Bonavetti et al., 2003], 
and early calcium carboaluminate formation [Voglis et al., 2005; Ingram and Daugherty, 
1991], Both Livesey [1991b] and Matthews [1994] observed no effect on the 
compressive strength when 5% limestone powder was blended into cement.
According to [Sprung and Siebel, 1991], limestone can improve the compressive 
strength of cementitious materials through enhanced particle packing. However, they also 
explained that at large addition rates (15-25%), dilution becomes the dominant effect, 
lowering the compressive strength [Sprung and Siebel, 1991]. This is in agreement with 
findings from Matthews [1994] and Schmidt [1992]. To illustrate this effect, the 
compressive strength results for mixtures incorporating various dosages of limestone are 
displayed in Fig. 2.4.
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Figure 2.4: Compressive strength results of cementitious mixtures incorporating various 
dosages of limestone. Note: [a] is [Tsivilis et al, 2002], [b] is [Hawkins et al., 2003], and 
[c] is [Kakali et al., 2000]; percentage in legend is limestone content.
Voglis et al. [2005] suggest that the limestone must be ground finer in order to 
overcome the dilution effect. Yang et al. [2011] demonstrated that greater fineness of the 
limestone helps to improve the compressive strength due to the nucleation effect. A 
similar effect was presented by Wang et al. [2011], Schmidt [1992] recommends 
reducing the w/c ratio to overcome the dilution effect, as it enhances particle packing. An 
increase in the compressive strength of concrete (greater than 3 days of age) 
incorporating 15% limestone filler was found by Nehdi [1998] when reducing the water 
content. Dhir et al. [2007] propose reducing the w/c ratio by 0.08 for every 10% 
limestone (above an initial 15% replacement amount) that is added to cement, in order to 
maintain similar 28-day compressive strength results.
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2.7.2 Shrinkage
Several researchers [Alunno-Rossetti and Curcio, 1997; Adams and Race, 1990; Ingram 
and Daugherty, 1991; Bouasker et al., 2008] have measured an increase in shrinkage 
strains of cementitious systems when limestone is incorporated into cement. Alunno- 
Rossetti and Curcio [1997] explained that this increase was due to a smaller volume of 
cement-gel in concretes incorporating limestone, since the gel can act as an internal 
shrinkage restraint. Drying shrinkage results that are higher than that allowed in the 
standards have also been reported [Adams and Race, 1990], therefore making the 
limestone concrete unacceptable. Similar results were observed by Ingram and Daugherty 
[1991], They added limestone as a partial replacement for Type II cement, and measured 
4-day shrinkage values much higher than that specified in the ASTM standards. It was 
then suggested that with the same size of limestone and a lower w/c ratio, the limestone 
concrete might pass the shrinkage standards. Higher shrinkage was also reported by 
Bouasker et al. [2008] when using limestone with a specific surface area of 3970 cm2/g 
and a w/c of 0.4. They attributed the increase in shrinkage to an acceleration of the 
hydration process.
Conversely, Dhir et al. [2007] observed reduced shrinkage when using up to 45% 
limestone. In addition, no effect on shrinkage was also reported by [Hooton and Thomas, 
2002] and [Detwiler, 1996]. Benachour et al. [2008] observed no significant change in 
the drying shrinkage when up to 35% of CaCC>3 was used.
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2.8 DURABILITY
2.8.1 Resistance to Freeze/Thaw
Various results have been reported regarding limestone concrete’s ability to resist 
freeze/thaw cycles. Sprung and Siebel [1991] are among a few who found an improved 
resistance to freeze/thaw when using limestone powder in concrete. A decrease in freeze- 
thaw resistance when using limestone powder has also been presented [Matthews, 1994; 
Barker and Matthews, 1993; Dhir et al., 2007]. Matthews [1994] observed a reduction in 
freeze/thaw resistance when using Portland limestone cement compared to that of the 
control in non-air entrained concrete. In air-entrained concrete, an increase in the 
resistance was found when limestone was incorporated into the mixtures. It has also been 
stated [Hawkins et al., 2003] that, when considering freeze/thaw cycles, the most 
important property of the limestone is its clay content. Clay can expand upon freezing, 
causing cracking to occur. Others [Sprung and Siebel, 1991; Schmidt et al., 1992] have 
reported no change in freeze/thaw resistance compared to that of the control mixture 
when limestone was used, as long as the Portland limestone cement has similar 
compressive strength to that of the control, and the limestone content is limited.
2.8.2 Resistance to Sulfate Attack
The resistance of concrete to sulfate expansion depends more so on its C3A content, than 
on the amount of limestone in the cement [Hooton et al., 2007], Soroka and Setter [1980] 
observed that cements containing up to 40% of limestone were more resistant to sulfates 
than the control. This was especially apparent in cements that contained limestone having
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a higher fineness of 960-1120 m ’/kg. This observation was attributed to the reactions that 
form carboaluminate hydrates. Furthermore, they make a clear distinction, stating that the 
incorporation of limestone only improves a mixture’s ability to resist sulfate attack. It 
does not make it entirely resistant. Soroka and Stem [1976] also noticed an improvement 
in sulfate resistance when using CaCOi. They concluded that specimens incorporating 
CaCCb took more than double the amount of time to crack from sulfate attack compared 
to that of the control mixture.
Hooton et al. [2007] and Gonzales and Irasser [1998] did not see any change in 
sulfate resistance when using limestone. More specifically, Hooton did not observe any 
trend in the results, and Gonzales used 10% limestone in I0W-C3A cement.
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EFFECT OF NANO-CACO3 ON EARLY-AGE PROPERTIES OF 
ULTRA-HIGH PERFORMANCE CONCRETE1
This chapter investigates the mechanisms involved in incorporating nano-CaCCh as a 
partial replacement for cement in UHPC. Specimens incorporate 0-15% of nano-CaCC>3 
and were cured in both simulated cold (10°C) and normal (20°C) conditions. These 
mixtures are compared to mixtures with commercial accelerating admixtures to determine 
the industry potential of nano-CaC0 3 .
3.1. INTRODUCTION
Accelerating admixtures are widely used in concrete. Chloride-based accelerating 
admixtures are known to promote problems including reduced long-term strength, 
increased shrinkage and efflorescence problems, and increasing the risk of steel 
reinforcement corrosion [Gani, 1997], Non-chloride based accelerating admixtures can be 
used as an alternative, but are more costly due to the typically higher dosages required to 
achieve similar effects to that of chloride admixtures [Ramachandran, 1995]. On the other 
hand, additions of micro-CaC0 3  showed a potential to accelerate the hydration process of
1 A version of this chapter was submitted to Magazine of Concrete Research. Some parts of this chapter 
were published in Second International Structures Specialty Conference, Winnipeg, Canada (2010).
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cement, which represents a safe and economical alternative to chloride and non-chloride 
accelerating admixtures. While high dosages of micro-CaC0 3  can give rise to negative 
side effects on concrete durability [Ghrici et al., 2007], the possibility of using a lower 
dosage of nano-CaCC>3 can potentially eliminate such drawbacks. Furthermore, nano- 
CaC0 3  can partially replace unhydrated cement in UHPC, leading to a more 
environmentally friendly concrete by reducing the cement factor. If nano-CaCCb can be a 
safe and economical alternative to chloride-based commercial accelerating agents, this 
can have a pervasive effect in the concrete industry.
3.2. EXPERIMENTAL PROGRAM
This experimental program aims at gaining an understanding of the mechanisms involved 
in using nano-CaC0 3  in UHPC. This is of primary importance in order to achieve similar 
or superior beneficial effects to that of micro-CaC0 3  and conventional accelerating 
admixtures, while eliminating their drawbacks. In this study, monitoring of the hydration 
process (degree of hydration, heat of hydration, Vicat setting time) and characterization 
of the mechanical properties and microstructure development have been carried out on 
UHPC mixtures incorporating different contents of nano-CaCC>3 in order to evaluate its 
acceleration efficiency compared to that of different accelerating admixtures.
3.2.1. Materials and Mixture Proportions
A n  ordinary Portland cem en t (O P C ) conta in ing  61%  C 3 S, 11% C 2 S, 9% C 3 A , 7%  C 4A F ,
3%  S O 3 and 0 .82%  eq u iva len t a lkalis w as used. S ilica  fum e (S F ) w ith  a sp ec ific  surface
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area of 18.2 mVg was added as a dry powder. Its chemical composition includes 93.1% 
Si02, 1.0% Fe20 3 , 0.13% A12C>3, 0.71% MgO, and 0.43% SO3 . According to the 
suggestions of [Paolini and Khurana, 1998], a coarse aggregate was not used. Quartz sand 
having a particle size in the range of 0.1 to 0.8 mm was used. A polycarboxylate based 
high-range water-reducing admixture (HRWRA) was added at a rate of 3% by mass of 
cement. Nano-CaC0 3  consisting of 97.5% CaCC>3 with an average particle size of 15-40 
nm, shown in Fig. 3.1, was added at rates of 0, 2.5, 5, 10, 15% as a partial volume 
replacement for cement. Before mixing, nano-CaC0 3  particles were mixed and dispersed 
in the mixing water using the ultrasonic dispersion method [Sato et al., 2008]. 
Commercially available chloride and non-chloride based accelerating admixtures were 
added as per manufacturer’s recommendations at rates of 2% - 4% and 1.5% - 3% with 
respect to the cement content, respectively. Water from the HRWRA and accelerating 
admixtures was included in the specified w/c. The selected composition of the control 
mixture, which is a well-known class of UHPC without coarse aggregates [Ma et al., 
2004; Holschemacher et al., 2005], and the characteristics of the tested mixtures are 
shown in Tables 3.1 and 3.2, respectively.
Table 3.1: Composition of control mixture
Material (mass/cement mass)
Cement 1 .0 0
Silica fume 0.30
Quartz sand (0.1-0.5 mm) 0.43




Table 3.2: Tested mixtures
Mixture Nano-CaC03 (%)* CL (%)** NCL (%)**
C — — —
L2.5 2.5 — —
L5 5.0 — —
L10 10.0 — —
L15 15.0 — —
CAI — 2.0 —
CA2 — 4.0 —
NCA1 — — 1.5
NCA2 — — 3.0
* As a volume replacement for cement 
** As a weight replacement for cement
Figure 3.1: SEM image for nano-CaCC^ powder.
3.2.2. Test Methods and Specimens Preparation
The workability of each mixture was evaluated three times based on the flow index (F), 
which is defined as follows (Eq. 3.1):
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/?25  — /?nF(%) = -==----- - x 100
* 0
Eq. 3.1
where R25 is the radius of the mortar pile after the 25th drop and Ro is the initial radius of 
the mortar pile according to ASTM C1437 (Standard Test Method for Flow of Hydraulic 
Cement Mortar).
Compressive strength testing was conducted on 50 mm [2 in] UHPC cubes (Fig. 
3.2) at the ages of (6 , 8 , 10, 12 and 24 hrs) and 28 days. Three specimens were tested at 
each age, and generally all specimens failed in shear. Specimens were moist cured under 
burlap for the first 24 hours, and then submerged in lime-saturated water for the 
remainder of the curing period. Two curing regimes, namely at 10 and 20 ± 1°C [50 and 
6 8 °F], were conducted in a walk-in environmental chamber to simulate cold and normal 
site conditions. The time of setting was measured on three replicate paste specimens 
using a Vicat needle according to ASTM C191 (Standard Test Method for Time of 
Setting of Hydraulic Cement by Vicat Needle).
Figure 3.2: Compressive strength specimen in testing apparatus.
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Semi-adiabatic calorimetry studies were conducted on UHPC specimens during 
the first 2 days of hydration using a custom-built experimental setup. The UHPC was 
prepared and cast into a prismatic mold (60xl00><250 mm [2.5x4x 10 in]). The mold was 
immediately placed in a micro-porous insulation box. Three Type-T thermocouples were 
inserted into the center of the concrete volume along its length to monitor its temperature. 
Replicate specimens indicated a standard deviation of 1.8°C [3.24°F] for the maximum 
specimen temperature.
Thermo-gravimetric analysis (TGA) combined with derivative thermo­
gravimetric (DTG) was used to determine the evolution of the bound water (BW) content 
during hydration. This indirect method has been commonly used [e.g. Loukili et al., 
1999; Mounanga et al., 2004] to quantify the degree of hydration. Since only one binder 
composition was used, a linear correlation between the amount of BW and the degree of 
hydration was assumed, in agreement with previous studies [Loukili et al., 1999; 
Mounanga et al., 2004; Pane and Hansen, 2005], The sample preparation and test 
procedure are presented elsewhere [Loukili et al., 1999],
For the drying shrinkage measurements, four prismatic specimens (Fig. 3.3) 
25x25x285 mm [ l x l x l l  in] were prepared for each mixture according to ASTM C 157 
(Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and 
Concrete). Immediately after demolding (i.e. at age 24-hrs), the initial lengths of 
specimens were measured, and then specimens were moved inside the walk-in 
environmental chamber. Drying was conducted at 10 and 20 ± 1°C [50 and 6 8 °F] inside 
the environmental chamber with a relative humidity of 40%. The measured unrestrained 
one-dimensional deformations have been measured using a digital comparator provided
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by a dial gauge with an accuracy of 10 prn/m. Small prismatic cross-section (25x25 mm 
[ lxl  in]) specimens were chosen to reduce the moisture gradients effect induced by 
drying [Mounanga et al., 2004] and to assure quick dissipation of the hydration heat 
[Pane and Hansen, 2005; Jensen and Hansen, 1995],
Figure 3.3: Drying shrinkage specimens.
Prismatic specimens (25x25x280 mm [ 1 x 1 x 1 1  in.]) were made for each mixture 
and demolded at the time of starting drying shrinkage measurements. The prisms were 
transferred to the different exposure conditions after measuring the initial mass of each 
prism using a balance with an accuracy of 0.01 g [0.000353 oz.]. The mass measurements 
were taken for all prisms along with measurements of the shrinkage strains. Each mass 
loss test result in this study represents the average value obtained on three identical
prisms.
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Please note that all data collected for flowability, setting time, compressive 
strength, and drying shrinkage tests are presented in the Appendix.
3.3 RESULTS AND DISCUSSION
3.3.1 Flowability
Figure 3.4 shows changes in the flowability of UHPC mixtures incorporating different 
addition rates of nano-CaC0 3 . Flowability increased initially up to a nano-CaC0 3  
addition rate of 5% and then decreased as the addition rate increased more than 5%. For 
instance, increasing the addition rate of nano-CaC0 3  from 0% to 5% resulted in about a 
30% enhancement in the flow index, while increasing the addition rate of nano-CaC0 3  
from 5% to 15% resulted in a 54% reduction in the flow index. Nano-CaCC>3 is 
characterized by very fine particles and consequently very high surface area (around 40 
m /g). Hence, nano-CaCCh can produce a lubricating effect between cement grains, thus 
leading to higher flowability [Elkhadiri et al., 2002; Esping, 2008], However, this high 
surface area will eventually increase the water demand, leading to a higher yield stress 
and viscosity, and consequently lower flowabilty [Esping, 2008; Benachour et al., 2008]. 
The interaction between the two mechanisms can explain the results in Fig. 3.4. At lower 
nano-CaCC>3 (i.e. < 5%), the lubrication mechanism is more efficient, leading to higher 
flowabilty, while at higher addition rates, the consequent higher surface area leads to 
greater water demand, resulting in the lower flowability.
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Figure 3.4: Flow index versus addition rate of nano-CaCC^.
Variations in the flow index for mixtures incorporating nano-CaCC>3, chloride, 
and non-chloride accelerating admixtures are illustrated in Fig. 3.5. Mixtures 
incorporating up to 5% nano-CaCC>3 exhibited improved workability compared to that of 
the control and mixtures incorporating accelerating admixtures. Mixtures with 10% nano- 
CaC0 3  performed comparably to NCA1, while mixtures incorporating 15% nano-CaCC>3 
performed similarly to CA2. Overall, mixtures incorporating nano-CaC0 3  exhibited 
enhanced or comparable workability to that of mixtures with commercial accelerating
admixtures.
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Figure 3.5: Variation in the flow index for UHPC mixtures incorporating different 
dosages of nano-CaCC>3, CA, and NCA, with respect to the control mixture value.
3.3.2 Setting Time and Compressive Strength
3.3.2.1 Nano-CaC0 3  addition
The development of early-age compressive strength was significantly enhanced by the 
addition of nano-CaCC>3, regardless of the added amount. All mixtures incorporating 
nano-CaCC>3 consistently produced higher early-age compressive strengths compared to 
that of the control mixture cured at 10 and 20°C [50 and 6 8 °F], as shown in Fig. 3.6 (a, 
b). For instance, the 12-hrs compressive strength of mixtures incorporating different 
nano-CaCC>3 contents at 10 and 20°C [50 and 6 8 °F] were about 3 to 5 and 2.5 to 3 times 

























Fig. 3.6: Early-age compressive strength of UHPC mixtures incorporating different 
dosages of nano-CaCO^ cured at (a)10°C, and (b) 20°C. [Maximum CV (10°C, 20°C): C 
(7.4%, 2.0%), L2.5 (5.7%, 6.4%), L5 (4.9%, 8 .8 %), L10 (16.4%, 6 .6 %), LIS  (10.5%,
12.9%)].
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The achieved increase in compressive strength was, in general, directly proportional to 
the added amount of nano-CaC0 3 . This accelerating effect can be attributed to the 
nucleation and nano filler effects induced by the incorporation of nano-CaC0 3 . Nano- 
CaCC>3 is known to act as nucleation sites on which hydration products form [Kadri and 
Duval, 2002]. However, it is quite possible that not all of the nano-CaCC>3 reacts 
chemically, leaving the remainder to act as a filler, which will further increase 
compressive strength due to an increase in particle packing density [Matschei et al., 2007; 
Li et al., 2004],
Furthermore, higher increase in compressive strength with nano-CaCC>3 addition 
was achieved at 10°C [50°F] compared to that at 20°C [6 8 °F]. This is likely due to the 
influence of the added nano-CaCC>3 on the acceleration of the hydration reactions. Hence, 
the slow rate of hydration and delay in strength development at the low temperature of 
10°C [50°F] were compensated for, leading to more hydration products and stronger 
microstructure [Gutteridge and Dalziel, 1990].
One interesting aspect is that mixtures incorporating 10% and 15% of nano- 
CaC0 3  performed similarly up to 24-hrs, regardless of curing temperature. For example, 
at 24-hrs, the difference between the compressive strength of specimens with 10% and 
15% replacement levels of cement with nano-CaC0 3  was only about 0.4% and 1.61% for 
10°C and 20°C [50 and 6 8 °F], respectively. This can suggest that 10% replacement level 
may be considered close to an optimum amount of nano-CaC0 3 , regardless of the curing
temperature.
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Figure 3.7 (a, b) displays the setting time of cement paste with varying amounts 
of nano-CaC0 3  at 10°C and 20°C [50 and 6 8 °F]. Regardless of the curing temperature, 
increasing the nano-CaC0 3  content significantly reduced the initial and final setting times 
compared to that of the control mixtures. For instance, mixtures with a 5% nano-CaC0 3  
replacement level reduced the final setting time by 59% and 52% at 10°C and 20°C [50 
and 6 8 °F], respectively. This reduction in setting time does not appear to level off, and 
therefore, could potentially decrease the time further with higher levels of nano-CaC0 3  
(Fig. 3.7 (a)). This is to be expected as the number of nucleation sites increases 
significantly when using additional nano-material, leading to more hydration products 
[Gutteridge and Dalziel, 1990]. As the amount of hydrated material increases, the number 
of contact points between the hydration products increases, eventually establishing a solid 
microstructure [Lea, 1988], With mixtures containing more than 5% nano-CaCCb, the 
initial and final setting times appear to be independent of the curing temperature, since no 
significant difference between the setting times at 10°C and 20°C [50 and 6 8 °F] was 
found (Fig. 3.7). This can be attributed to the numerous nucleation sites in the mixtures, 
and the small inter-particle spacing [Lea, 1988]. Hence, a lower amount of hydration is 
needed to reach the percolation threshold, which overcomes the difference in the rate of 
hydration caused by a change in temperature. Based on the results above, the addition of 
nano-CaCC>3 can be considered as an effective setting and hardening accelerating 
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Figure 3.7: (a) Initial, and (b) final setting time for UHPC mixtures incorporating
different nano-CaCCh contents.
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3.3.2.2 Chloride-based accelerating admixture (CA)
The compressive strength results of mixtures incorporating different dosages of CA are 
shown in Fig. 3.8 (a, b). The higher the dosage, the higher the rate of hydration 
reactions, and consequently the higher was the early-age compressive strength achieved, 
which is in agreement with previous results [Cheeseman and Asavapisit, 1999], As 
shown in Fig. 3.8 (a, b), CA2 exhibited about six times higher early-age compressive 
strength compared to that of CA1 after 6 hrs from mixing, regardless of the curing 
temperature. In addition, the CA improved the compressive strength more effectively at 
10°C compared to that at 20°C. This is probably due to a higher efficiency in accelerating 
hydration reactions at lower temperatures, offsetting the typically longer setting time and 
slower strength gain induced by lower curing temperatures [Shideler, 1952], Adding CA 
reduced the initial and final setting times significantly as shown in Fig. 3.9 (a, b). For 
instance, CA2 exhibited initial and final setting times at both 10 and 20°C [50 and 6 8 °F]

























Figure 3.8: Early-age compressive strength of UHPC mixtures incorporating CA and 
NCA cured at a) 10°C, and b) 20°C. [Maximum CV (10°C, 20°C): C (0.9%, 2.0%), CAI 
(1.7%, 0.9%), CA2 (4.2%, 4.7%), 7VC47 (4.9%, 0.9%), NCA2 (3.8%, 6.8%)].
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Figure 3.9: (a) Initial, and (b) final setting time for UHPC mixtures incorporating
different accelerating admixtures.
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3.3.2.3 Non-chloride based accelerating admixture (NCA)
The compressive strength results for mixtures incorporating different dosages of the 
NCA are shown in Fig. 3.8 (a, b). Mixture NCA1 did not show a significant 
improvement in very early-age compressive strength at 20°C [68°F], During the first 10- 
hrs, NCA1 showed a lower compressive strength than that of control mixture. However, 
NCA1 exhibited final setting times about 24% shorter than that of control mixture at both 
curing temperatures (Fig. 3.9 (a, b)). Contrary to the results at a curing temperature of 
20°C [68°F], NCA1 showed a significant increase in compressive strength (about double 
that of C) at 10°C [50°F], On the other hand, NCA2 had higher early compressive 
strength and shorter setting time at both curing temperatures compared to that of control 
mixture. For instance, NCA2 exhibited about 136% and 36% higher compressive 
strength than that of C after 24-hrs at 10 and 20°C [50 and 68°F], respectively. Hence, 
the NCA can generally be considered as a setting accelerator, confirming results reported 
by others [Chikh et al., 2008], while its effect on early-age strength gain can vary 
depending on the added dosage.
Figure 3.10 illustrates the variation in the 28-days compressive strength results of 
UHPC incorporating varying dosages of nano-CaCC>3, cured at 10°C and 20°C [50 and 
68°F], respectively. The addition of nano-CaC0 3  showed a higher potential of improving 
the 28-days compressive strength in cold weather than that in normal curing conditions, 
compared to that of the control mixture. For instance, mixtures incorporating 5% nano- 
CaCC>3 exhibited a 28-days compressive strength reduction of 10% at 20°C [68°F], while 
an increase of 21% at 10°C [50°F] was achieved, with respect to that of the control 
values. This could be due to the development of a more homogeneous microstructure at
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colder curing temperatures, resulting from the slower rate of hydration. When 
considering mixtures incorporating nano-CaCC>3, the 28-days compressive strength of 
mixtures with 10% and 15% nano-CaCC>3 addition had the lowest improvement at 10°C 
[50°F], and the highest reduction at 20°C [68°F], with respect to that of the control 
mixture. The low compressive strength results in mixtures with high nano-CaC0 3  content 
can be ascribed to several factors including dilution, filler and agglomeration effects. The 
dilution effect, due to partially replacing cement by an inert material, leads to fewer 
cement grains that are available for hydration compared to that of the control. As a result, 
fewer hydration products are formed, and consequently a weaker microstructure 
[Bonavetti et al., 2003]. Moreover, at the low level of w/c typical of UHPC, space is the 
main restriction for further hydration progression. Adding nano-CaCCb will fill space and 
obstruct the formation of more hydration products [Bonavetti et ah, 2003]. The 
agglomeration of nano-particles will create weak zones in the microstructure [Bonavetti 
et ah, 2003]. This agglomeration effect was confirmed by SEM results shown in Fig.
3.11.
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Figure 3.10: Long-term (28-days) compressive strength of UHPC mixtures 
incorporating different dosages of nano-CaCCb cured at (a)10°C, and (b) 20°C. [Control 
mixture 28-days compressive strength: 125-135 MPa (10°C); 153-168 MPa (20°C)]
Figure 3.11: SEM of agglomeration of nano-CaC0 3 .
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The variation in the long-term compressive strength (i.e. 28-days) due to the 
addition of nano-CaC0 3 , chloride- and non-chloride-based accelerating admixtures, with 
respect to that of the control mixture, is shown in Fig. 3.10. At 10°C [50°F], mixture 
incorporating small amounts (< 5%) of nano-CaCCL induced significant improvement in 
the compressive strength compared to that induced by all other accelerating admixtures. 
Conversely, the improvement in the 28-days compressive strength induced by higher 
nano-CaC0 3  contents (> 5%) started to decrease compared to that induced by the other 
accelerating admixtures. This indicates the higher efficiency of small amounts (< 5%) of 
nano-CaCC>3 at low temperatures compared to other accelerating admixtures. At 20°C 
[68°F], all mixtures incorporating nano-CaCC>3 achieved lower 28-days compressive 
strength compared to that of the control mixture. Increasing the nano-CaCC>3 addition 
further reduced the compressive strength, however the maximum reduction was about 
12%. Likewise, mixtures incorporating the other accelerating admixtures, with the 
exception of NCA2, also had lower long-term compressive strength compared to that of 
the control mixture. Therefore, the use of nano-CaC0 3  performed comparably to or 
slightly lower than the other accelerating admixtures at a curing temperature of 20°C.
3.3.3 Degree of Hydration
Figure 3.12 (a, b) shows the degree of hydration results for tested specimens during the 
first 24-hrs at curing temperatures of 10°C and 20°C [50 and 68°F]. For both 
temperatures, it can be observed that as the amount of nano-CaCCb increased, the degree 
of hydration increased.
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Figure 3.12: D eg ree  o f  hydration for U H P C  m ixtures incorporating nano-CaCC >3 cured at
(a) 10°C , and (b) 20°C .
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In addition, mixtures cured at 10°C [50°F] experienced less hydration than those cured at 
20°C [68°F], This is to be expected as colder temperatures decrease the rate of hydration. 
These results are in agreement with the previous compressive strength results discussed 
earlier (Fig. 3.6).
The early-age strength development of cementitious materials highly relies on the 
degree of hydration achieved [Xiao and Li, 2008]. The correlation between the 
compressive strength and degree of hydration (represented by the amount of BW) is 
plotted in Fig. 3.13. It can be observed that the relationship exhibits a linear trend for 
mixtures incorporating nano-CaCC>3 and CA (with R2 = 0.92 and 0.94, respectively). 
Conversely, combining data points for NCA1 and NCA2 mixtures indicates a very poor 
linear trend (R~ -  0.67). This linear relationship between compressive strength and degree 
of hydration has been reported in previous works [Xiao and Li, 2008; Powers and 
Brownyard, 1948], It indicates a proportional relationship between the added dosages of 
nano-CaCC>3 and CA, and the development of hydration and strength. Conversely, the 
NCA behaved differently from one dosage to another, in compliance with previous 
studies [Rear and Chin, 1990],
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Figure 3.13: Correlation between compressive strength and amount of BW for UHPC 
mixtures made with various accelerating techniques at 20°C.
3.3.4 Heat of Hydration
A key characteristic of cementitious materials is the heat generated due to the exothermic 
hydration reactions of cement. This heat is translated into a temperature increase from 
which the heat quantity developed can be evaluated [Chikh et al., 2008] in the present 
study. Test results were presented graphically in terms of semi-adiabatic temperature 
evolution versus time.
Results for the effect of nano-CaCCh addition on the heat of hydration are 
illustrated in Fig. 3.14. Increasing the replacement level of nano-CaC0 3  shifted the 
hydration curves upwards, resulting in a higher temperature peak compared to that of the 
control mixture. In addition, mixtures incorporating high amounts of nano-CaCCb
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experienced earlier temperature peaks (i.e. peak shifted left) and shorter dormant periods. 
The dormant period is classified as the time in which little hydration occurs 
[Ramachandran, 1995]. This confirms the acceleration effect of nano-CaC0 3 , and is in 
agreement with the compressive strength and setting time results discussed above. Such 
an acceleration can be attributed to the effect of the nano-CaC0 3  particles on the 
tricalcium silicate (C3S) hydration process since it acts as a nucleating agent for cement 
hydration products (namely calcium silicate hydrate (CSH)) [Ramachandran, 1995; Péra 
et al., 1999; Ramachandran, 1988; Jo et al., 2007]. Moreover, Nehdi [1998] suggested 
that calcium hydroxide (CH) precipitates on the CaCC>3 particles, leading to lower 
saturation of calcium hydroxide, and therefore C3S hydration is accelerated in order to 
restore equilibrium in the solution by releasing more calcium ions. As can be seen in Fig. 
3.14, the temperature peak increased with greater additions of nano-CaC0 3 , up to a 10% 
replacement. For instance, L10 had approximately a 20% higher temperature peak than 
L2.5. Mixtures containing more than 10% nano-CaC0 3  exhibited a lower temperature 
peak with respect to the mixture containing 10% nano-CaC0 3 . This can be attributed to 
the dilution and filler effects as discussed earlier (see compressive strength results).
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Fig. 3.14: Heat of hydration of UHPC mixtures with varying dosages of nano-CaCC^.
The general profile of temperature evolution curves for mixtures incorporating 
CA was similar to that of control mixtures but with different rates. In general, as the CA 
admixture dosage increased, hydration reactions were accelerated. This is apparent in the 
heat of hydration curves in Fig. 3.15 (a). Where the curves shifted upward and to the left, 
which is in agreement with previous work [Cheeseman and Asavapisit, 1999; 
Ramachandran et al., 2002], These results confirm the compressive strength and setting 
time results for mixtures incorporating accelerating admixtures discussed earlier.























For mixtures incorporating the NCA admixture, a similar trend of temperature 
evolution curves to that of the nano-CaC0 3  mixture was observed, as shown in Fig. 3.15 
(b). The dormant period was overlapped by the acceleration period, which is in 
agreement with previous results [Hill and Daughert, 1996], However, mixtures 
incorporating NCA showed lower temperature peaks compared to that of mixtures with 
nano-CaCC>3. This suggests higher reactivity at early-age for the nano-CaCCh mixtures 
with respect to those incorporating NCA.
Mixtures incorporating 2.5% nano-CaCCh demonstrated higher temperature peaks 
compared to that of mixtures incorporating CA and NCA. Furthermore, even higher 
hydration peaks were achieved with mixtures incorporating up to 10% nano-CaCC^. For 
instance, L10 mixtures exhibited about 24% and 29% increase in the temperature peak 
compared to that of CA2 and NCA2, respectively. These results are in agreement with 
the earlier compressive strength results. Indeed, the compressive strength at 12 and 24 
hours of the nano-CaC0 3  mixtures was significantly greater than that achieved by the 
addition of all dosages of the accelerating admixtures (Figs. 3.6 and 3.8).
3.3.5 Drying Shrinkage
Drying shrinkage results for mixtures incorporating accelerating admixtures are shown in 
Fig. 3.16. All mixtures incorporating accelerating admixtures showed an increase in the 
measured shrinkage (about 31, 10, 12 and 23% for CA1, CA2, NCA1 and NCA2, 
respectively), while no significant mass change was observed (Fig. 3.17), which is in 
agreement with previous works [Shideler, 1952; Rixon et al., 1999],
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Mixtures
Figure 3.16: Age 7-days drying shrinkage for mixtures incorporating accelerating 
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Figure 3.17: Mass loss for mixtures incorporating accelerating admixtures at 20°C.
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The drying shrinkage and corresponding mass loss for mixtures incorporating 
nano-CaCC>3 cured at 20°C [68°F] are illustrated in Figs. 3.18 and 3.18. It can be 
observed that increasing the nano-CaCC^ content decreased shrinkage and increased 
mass loss. This can be explained as follows: increasing the cement replacement level 
increased the effective w/c ratio. Hence, more free water is available for evaporation 
leading to an increase in the mass loss [Bucher, 2009], Simultaneously, nano-CaCCh 
accelerated the hydration process and consequently the development of the elastic 
modulus [Sato and Beaudoin, 2007; Bucher, 2009] resulting in smaller deformations at 
equivalent stress levels. This is in agreement with previous results [Sato and Beaudoin, 
2007; Bucher, 2009]. In addition, at higher nano-CaCCb content, a part of nano-CaCC^ 
acts as an inert filler material, consequently will provide an internal restraint against 
shrinkage [Bucher, 2009], For example at 7-days, specimens containing 15% nano- 
CaCC>3 demonstrated 9% less shrinkage and 23% higher mass loss compared to 
specimens with 2.5% nano-CaC0 3 .
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Figure 3.18: Drying shrinkage for mixtures incorporating nano-CaCC>3 at 20°C. 
[Maximum CV (20°C): C (13.8%), L2.5 (23.1%), L5 (24.5%), L10 (20.4%), LIS
(70.7%)].
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Figure 3.19: Mass loss for UHPC mixtures incorporating nano-CaCC>3 at 20°C.
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Contrary to the other accelerating techniques, the addition of nano-CaC0 3  
reduced drying shrinkage with respect to that of the control mixture. For example, at age 
7-days, shrinkage increased by 31% for mixtures containing CA1 and decreased by 11% 
when mixtures contained 2.5% nano-CaCC>3, with respect to that of the control mixture. 
Mixtures incorporating accelerating admixtures do not have a filler material that can help 
in restraining shrinkage, therefore more shrinkage takes place. Therefore, it can be 
concluded that from a shrinkage perspective, the addition of nano-CaCCb is more 
beneficial to UHPC than the tested accelerating admixtures.
3.4 CONCLUSIONS
From the experiments conducted with the materials in this study, it can be concluded that:
1. Adding nano-CaCÛ3 improved the flowability of UHPC mixtures and exhibited 
better workability than that induced by other accelerating admixtures.
2. The addition of nano-CaC0 3  had a strong acceleration effect on the early-age 
setting and hardening process. Hence, nano-CaC0 3  addition can be considered as 
a setting and hardening accelerator.
3. Mixtures incorporating nano-CaC0 3  showed comparable to and/or better early- 
age compressive strength results than that of the control and mixtures 
incorporating accelerating admixtures at cold (10°C [50°F]) and normal (20°C
[50°F]) temperatures.
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4. The higher the added portion of nano-CaCCh, the higher was the acceleration 
effect.
5. Mixtures incorporating nano-CaC0 3  achieved a high potential for reducing 
shrinkage through providing internal passive restraints, compared to that of 
mixtures incorporating accelerating admixtures.
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EFFECT OF MICRO-LIMESTONE ADDITION ON EARLY-AGE 
PROPERTIES OF ULTRA-HIGH PERFORMANCE CONCRETE2
This chapter investigates the effects of micro and nano-CaCCb addition as a partial 
volume replacement for cement on the early-age properties of UHPC. Specimens 
incorporate 0-15% of CaCC>3 and were cured in both simulated cold (10°C) and normal 
(20°C) conditions. This work can contribute to the amount of knowledge about the 
influence of different sizes of limestone particles on the properties of cementitious 
materials.
4.1 INTRODUCTION
Production of cement can lead to high amounts of CO2 being released into the
atmosphere, resulting in serious health and environmental hazards [Meyer, 2009]. With
the advent of UHPC, which is characterized by a very low w/c, there is a high portion of
unhydrated cement [Soliman and Nehdi, 2011], Thus, partially replacing this unhydrated
cement with CaC0 3 , an environmentally friendly and natural material, will lead to less
cement production. This will conserve dwindling resources and will avoid the
2 . . . . .
A version of this chapter was submitted to ICE Construction Materials. Some parts of this chapter were
published in Second International Mechanics of Materials Specialty Conference, Ottawa, Canada (2011).
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environmental and ecological damages induced by cement production. To some extent, 
partial replacement by such natural material that require little or no processing saves 
energy and decreases the emission of gases. Several studies have investigated the 
influence of micro-CaC0 3  addition in concretes with higher w/c ratios [Bentz, 2005]. 
Yet, the effect of micro and nano-CaCC>3 addition on very low w/c concrete still needs to 
be explored. Hence, this chapter focuses on evaluating the early-age properties of UHPC 
incorporating different sizes and dosages of CaCC>3.
4.2 EXPERIMENTAL PROGRAM
4.2.1 Materials and Mixture Proportions
Similar materials and mixtures proportions were used as described in Chapter 3 (section 
3.2.1). In this chapter, four micro sizes, namely 0.7, 3, 6, and 12 pm, and a nano particle 
size (15-40 nm) of CaC0 3  were added as a white powder (>97% CaC0 3 ) at rates of 0, 5, 
10, and 15% as partial volume replacement for cement. Fig. 4.1 shows the particle-size 
distributions for the used micro-CaC03. The SEM micrograph for the nano-CaC0 3  
powder can be found in Chapter 3 (Fig. 3.1). The particle size distribution shows slightly 
higher average particle sizes due to agglomeration of the fine particles [Bentz et al., 
2011], The mixtures are labeled with respect to the used limestone particle size: L0.7, L3, 
L6, L I2 and Nano. The selected composition of the control mixture, which is a well- 
known class of UHPC without coarse aggregate [Ma et al., 2004; Holschemacher et al., 
2005], along with the composition of all other mixtures, are shown in Table 4.1.
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Table 4.1: Composition of mixtures with 28 days compressive strength results
Compressive Strength 






Quartz sand (0.1-0.5 mm)* 











CaCP3 (%)**_________ Cement (%)**
LO. 7 (Average particle size: 0.7 pm)
5 95 104.2 106.7
10 90 99.2 103.2
15 85 95.1 100.8
L3 (Average particle size: 3 pm)
5 95 101.6 103.0
10 90 96.9 100.2
15 85 94.4 97.3
L6 (Average particle size: 6 pm)
5 95 108.1 105.3
10 90 105.9 102.0
15 85 105.5 100.8
L12 (Average particle size: 12 pm)
5 95 106.1 93.8
10 90 97.9 91.4
15 85 94.8 90.6
Nano (15-40 nm)
5 95 123.7 90.2
10 90 105.7 98.3
15 85 100.0 88.5
*Constant for all mixtures regardless of the amount of cement. Measurements based on control
cement amount.
** Percentage of control cement mass
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Figure 4.1: Particle size distribution of micro-CaCC^.
4.2.2 Test Methods and Specimens Preparation
Similar test methods and specimen preparation was followed as described in Chapter 3 
(section 3.2.2).
4.3 RESULTS AND DISCUSSION
4.3.1 Flowability
Figures 4.2 and 4.3 display the flowability results for mixtures incorporating various 
sizes and dosages of CaC0 3 . In general, all mixtures incorporating micro-CaCOj 
achieved greater workability than that of the control mixture. The greater the added 
amount of micro-CaC0 3 , the higher was the enhancement of flowability (Fig. 4.2). For
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instance, in L6 mixtures, the flowability improved by 33% when the added dosage of 
CaC0 3  increased from 5% to 15%. This improvement in workability is due to the 
lubricating effect induced by the micro-CaC0 3  particles. The fine limestone particles 
(finer than cement) displace water from voids between coarser particles, and 
consequently enhance flowability [Elkhadiri et al., 2002; Esping et al., 2008], For 
mixtures incorporating micro-CaCC^ sizes up to 3 pm, there was a significant 
improvement in the flowability, regardless of the added amount of micro-CaCCb. For 
instance, L3 mixtures exhibited 15-27% higher flow index than that of L0.7 mixtures. On 
the other hand, mixtures incorporating larger micro-CaC0 3  sizes (>3 pm) showed a slight 
improvement in workability (<10%) for the same micro-CaC03 contents as particle size 
increased (Fig. 4.2). Hence, from the flowability point of view, 3 pm can be considered 
as a desirable micro-CaC0 3  particle size. The flowability of cement mortar is strongly 
related to the physical properties of the powders incorporated (including fineness, particle 
size distribution, particle shape, packing, etc.) and the inter-particle friction between the 
various powder materials [Khayat, 1999; Yijin et al., 2004; Felekoglu et al., 2006], Using 
finer powders induces two compensating effects: higher surface area (increases water 
demand, leading to higher yield stresses and viscosity, and consequently lower 
flowability [Esping, 2008; Benachour et al., 2008]) and lower inter-particle friction 
leading to higher flowability [Yijin et al., 2004]. Therefore, it is hypothesized that for 
very small size micro-CaCCb (<3 pm), the surface area effect is the dominant effect. 
Hence, the smaller the particle size, the lower was the flowability, as shown in Fig. 4.2. 
For micro-CaC0 3  sizes >3 pm, it seems that there is a balance between a reduction in the 
water demand (due to lower surface area) and the increase in inter-particle friction.
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Therefore, using micro-CaC0 3  with size >3 pm did not improve the flowability 
significantly.
Figure 4.2: Flow index of UHPC mixtures versus size of micro-CaCCh added.
Mixtures incorporating nano-CaCC^ exhibited the highest flowability at a 5% 
replacement level, while lower flowability values were measured for greater addition 
rates (Fig. 4.3). This can be explained as follows: nano-CaCC>3 particles can act as 
nucléation sites leading to higher development of the internal microstructure [Sato, 
2006], consequently increasing the mixture viscosity. The higher the content of such 
nucléation sites, the faster is the increase in viscosity and consequently lower flowability 
is achieved. In addition, as previously mentioned, decreasing the size of the added CaCC>3 
material increases the surface area, which raises the water demand of the mixture, making
it less flowable.
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Figure 4.3: Flow index for UHPC mixtures with various contents of CaCC>3 with various
average particle sizes.
4.3.2 Setting Time
Generally, the lower the curing temperature, the longer was the setting time regardless of 
the added content and/or sizes of CaCC>3. This can be attributed to the slower rate of 
hydration reactions at 10°C [50°F] compared to that at 20°C [68°F], which delays the 
development and hardening process of the microstructure skeleton [Gutteridge and 
Dalziel, 1990], Figure 4.4 illustrates the variation in the initial and final setting times for 
L6 mixtures with different micro-CaCCh contents under cold (10°C [50°F]) and normal 
(20°C [68°F]) curing conditions compared to that of the control mixture.
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Figure 4.4: Percentage increase/decrease of initial setting times for UHPC mixtures 
incorporating different contents of 6 pm-CaCCb, with respect to the control mixture.
At 10°C [50°F], the effect of micro-CaCCh addition on the setting time is more 
apparent. Mixtures incorporating 5% and 10% micro-CaCCh experienced longer initial 
setting than that of the control mixture. For instance, L6 mixtures had initial setting times 
18% and 29% longer than that of the control mixture at CaCC>3 replacement level of 5% 
and 10%, respectively (Fig. 4.4). This can be attributed to the lower dilution effect for 
mixtures with 5% cement replacement, hence more hydration products are formed 
compared to that of mixtures incorporating 10% micro-CaCC^, leading to a faster setting. 
This is in agreement with degree of hydration results as discussed below. Mixtures 
incorporating 15% micro-CaCC^ exhibited the fastest setting. Although there is more 
dilution, leading to less hydration products [Bonavetti et al., 2003], it is hypothesized that 
the added amount of micro-CaCC^ enhanced the number of contact points between
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hydration products and improved the packing density of the microstructure, reducing the 
inter-particle spacing [Lea, 1988], leading to faster setting times.
At 20°C [68°F], increasing the micro-CaCCb content led to a reduction in the 
initial and final setting times compared to that of the control mixture. As shown in Fig. 
4.4, at 20°C [68°F], L6 mixtures incorporating 5, 10, and 15% micro-CaCCb exhibited 
final setting times 12%, 17%, and 27% shorter than that of the control mixture, 
respectively. This effect can be attributed to the growing number of contact points 
between hydration products provided by the presence of micro-CaCCL. Moreover, this 
trend is slightly more prevalent in mixtures with finer micro-CaCC^ sizes, as the finer 
particles are more efficient at particle packing, and further reduce the space for hydration 
products to form [Wang et al., 2011], For instance, mixtures incorporating 5, 10, and 15% 
of 0.7 pm-CaC0 3  exhibited final setting times 22%, 35%, and 37% shorter than that of 
the control mixture, respectively, which is about 10% shorter setting time than that 
induced by incorporating 6 pm-CaC0 3 . Generally, micro-CaCC^ mainly acts as a filling 
material, enhancing particle packing at this low w/c, and does not motivate the hydration 
process.
Mixtures incorporating nano-CaCC>3 showed significantly shorter setting times at 
both curing temperatures compared to that of the control mixtures and mixtures 
incorporating micro-CaC0 3 . For example, at 20°C [68°F], mixtures incorporating 15% 
nano-CaCÛ3 cement replacement exhibited shorter final setting times than all mixtures 
with micro-CaC0 3  in the range of 68-75% (Fig. 4.5). The presence of nano-CaCCL 
promotes the occurrence of nucléation [Sato, 2006], which generates more hydration
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products, causing earlier setting. In addition, a portion of the nano-CaCC^ acts as filler 
similar to micro-CaCC^, and consequently increases the number of contact points in the 
mixture. These results confirm the reduction in flowability as shown previously.
M
Figure 4.5: Final setting time for UHPC mixtures incorporating different sizes and 
contents of CaCC>3, cured at 20°C [68°F],
4.3.3 Compressive Strength
At both 10°C and 20°C [50°F and 68°F], generally no significant difference (<10%) in 
the early-age (<24 hours) compressive strength was found when the size and/or amount 
of micro-CaCCh were varied. For instance, there was a slight variation (about 7%) in 
early-age compressive strength for L3 mixtures, as shown in Fig. 4.6.
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At 10°C [50°F], all mixtures incorporating micro-CaC0 3  exhibited slightly greater 24-hrs 
compressive strength than that of the control mixture. This can mainly be attributed to the 
filler effect, since the degree of hydration for these mixtures was similar or lower 
compared to that of the control mixture without micro-CaC0 3 , as will be discussed later. 
Furthermore, mixtures incorporating 5% micro-CaC0 3  exhibited greater compressive 
strength than that of mixtures with a higher content of micro-CaC0 3 , with the exception 
of L0.7 mixtures. The reduction in strength with higher replacement levels is due to the 
dilution effect as the number of active sites of cement in the mixtures is reduced due to 
being replaced by micro-CaCCb [Bentz, 2005]. The compressive strength values of all 
mixtures cured at 20°C [68°F] are within the range of ± 7% relative to that of the control 
mixture at age 24 hrs. The dilution effect is apparent at 20°C [68°F], however it is not as 
significant as that in the case of mixtures cured at 10°C [50°F], since the rate of hydration 
is much faster at the warmer temperature [Escalante-García and Sharp, 1998] and 
consequently offsets the reduction in active sites.
The 7 and 28 days compressive strengths for mixtures cured at 10°C and 20°C 
[50°F and 68°F] are shown in Fig. 4.7. At both temperatures, mixtures experienced 
similar compressive strength trends at age 7 days. Results showed that the greater the 
addition of micro-CaCC^, the higher was the reduction in compressive strength, 
regardless of the particle size. For instance, increasing the content of micro-CaCCE from 
5 to 15% lowers the 7 days compressive strength by about 24% and 17% for L0.7 
mixtures at 10°C [50°F] and 20°C [68°F], respectively (Fig. 4.7(b)). This is partly due to 
the dilution effect, leading to a lower degree of hydration and consequently weaker 
microstructure [Bonavetti et al., 2003], On the other hand, there is a limitation in the
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available space for hydration products to form in such very low w/c mixtures, which can 
also contribute to lower strength [Bonavetti et ah, 2003]. Adding increasing amounts of 
filler further reduces the available space due to enhanced particle-packing density, 
consequently hindering hydration progress and development of the microstructure 
[Bonavetti et al., 2003].
5 10 15
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Figure 4.7: Percentage increase/decrease in later-age compressive strength of UHPC 
mixtures containing various sizes and dosages of micro-CaC0 3 , compared to that of the 
control mixture: at age 7 days [(a) 10°C[50°F]; (b) 20°C [68°F]]; and age 28 days [(c) 
10°C [50°F]; (d) 20°C [68°F]]. [Control mixture 28-days compressive strength: 125-135






Figure 4.7 (Cont’d): Percentage increase/decrease in later-age compressive strength of 
UHPC mixtures containing various sizes and dosages of micro-CaCCb, compared to that 
of the control mixture: at age 7 days [(a) 10°C[50°F]; (b) 20°C [68°F]]; and age 28 days 
[(c) 10°C [50°F]; (d) 20°C [68°F]]. [Control mixture 28-days compressive strength: 125­
135 MPa (10°C); 153-168 MPa (20°C)].
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Figure 4.7 (Cont’d): Percentage increase/decrease in later-age compressive strength of 
UHPC mixtures containing various sizes and dosages of micro-CaCCb, compared to that 
of the control mixture: at age 7 days [(a) 10°C[50°F]; (b) 20°C [68°F]]; and age 28 days 
[(c) 10°C [50°F]; (d) 20°C [68°F]]. [Control mixture 28-days compressive strength: 125­
135 MPa (10°C); 153-168 MPa (20°C)].
Furthermore, the smaller the size of micro-CaCCb, the greater was the achieved 
compressive strength at 7 days. For example, mixtures incorporating 5% micro-CaC0 3  at 
10°C [50°F] and 20°C [68°F] experienced an increase in compressive strength of 18.4% 
and 20.7% when the particle size decreases from 12 pm to 0.7 pm, respectively. This 
trend is due to the fact that smaller particle sizes are more effective at packing the 
microstructure than larger sizes, leading to greater compressive strength with smaller 
sizes [Wang et al., 2011]. A similar trend when varying the size and amount of micro- 
CaCC>3, though with a smaller magnitude (± 10% variation compared to that of the 
control mixture), was observed at 28 days (Fig. 4.7(c, d)).
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Generally, mixtures incorporating nano-CaCÛ3 exhibited higher or comparable 
compressive strength to that of both mixtures incorporating micro-CaC0 3  and the control 
mixture, at all ages and curing temperatures. The 24 hrs and 28 days compressive 
strength for mixtures incorporating micro and nano-CaCC>3, cured at both 10°C [50°F] 
and 20°C [68°F] are shown in Fig. 4.8. Using nano-CaC0 3  enhanced the compressive 
strengths significantly. For example, across all replacement levels at 24 hrs, the 
compressive strength was enhanced within the range of 27-30% at 10°C [50°F] and 42­
47% at 20°C [68°F] for mixtures incorporating nano-CaCCT? compared to that of mixtures 
incorporating 0.7 pm-CaC0 3 . As mentioned earlier, smaller particle sizes are more 
effective at particle packing [Wang et al., 2011], densifying the microstructure, which can 
assist in the production of higher compressive strength. In addition, the nucléation effect 
becomes very prominent in the presence of nano-materials, and therefore is also 




Figure 4.8: Percentage increase/ decrease in compressive strength of UHPC mixtures 
containing various sizes and dosages of CaCC>3, relative to the control mixture: at age 24 
hrs [(a) 10°C[50°F]; (b) 20°C [68°F]]; and age 28 days [(c) 10°C [50°F]; (d) 20°C 
[68°F]]. [Control mixture 28-days compressive strength: 125-135 MPa (10°C); 153-168
MPa (20°C)].
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Figure 4.8 (Cont’d): Percentage increase/ decrease in compressive strength of UHPC 
mixtures containing various sizes and dosages of CaCC>3, relative to the control mixture: 
at age 24 hrs [(a) 10°C[50°F]; (b) 20°C [68°F]]; and age 28 days [(c) 10°C [50°F]; (d) 
20°C [68°F]]. [Control mixture 28-days compressive strength: 125-135 MPa (10°C); 153­
168 MPa (20°C)].
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At later ages (28 days), mixtures incorporating nano-CaCC>3 produced similar 
compressive strength results (<10% difference) to that of mixtures containing micro- 
CaCÛ3, regardless of the curing temperature (Fig. 4.8). Mixtures with nano-CaCC>3 
initially accelerated the rate of hydration, however in the long-term; the microstructure 
was not as homogeneous as mixtures with a slower hydration rate, leading to a reduction 
in the gained compressive strength [Escalante-García and Sharp, 2001]. This was 
confirmed by the high heat of hydration for the mixture incorporating nano-CaCÛ3 
compared to that of the micro-CaC0 3  mixture, as discussed below.
4.3.4 Degree of Hydration
The degree of hydration results for mixtures incorporating 15% micro-CaC0 3  cured at 
10°C [50°F] and 20°C [68°F] are shown in Fig. 4.9 (a,b). At both curing temperatures, 
increasing the size of micro-CaC0 3  resulted in a lower degree of hydration, regardless of 
the replacement level. This may be attributed to the decreased effectiveness of particle­
packing when using larger sizes of micro-CaCCh [Wang et al., 2011] and consequently 
limiting the ability of micro-CaCCb to release water entrapped between coarser particles. 
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Figure 4.9: Degree of hydration for mixtures incorporating 15% CaCC>3 cured at (a)
10°C [50°F] and (b) 20°C [68°F],
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Figure 4.10 (a,b) illustrates results of L3 mixtures cured at both 10°C [50°F] and 
20°C [68°F], At both curing temperatures, the degree of hydration decreased with greater 
additions of micro-CaC0 3  at the end of the investigated period. This can be attributed to 
the dilution effect and suggests that micro-CaCCb acts as a filler material, which is in 
agreement with previous setting time and compressive strength results. In addition, all 
mixtures exhibited similar or slightly lower degree of hydration compared to that of the 
control mixture at 24 hrs, regardless the curing temperature.
On the other hand, mixtures incorporating nano-CaC0 3  showed a significantly 
higher degree of hydration compared to that of the other mixtures at 10°C [50°F] and 
20°C [68°F], regardless of the added amount of nano-CaC0 3  (Fig. 4.9). Generally, as the 
size of the added CaC0 3  decreased, the achieved degree of hydration increased. 
Furthermore, the difference in the amount of hydration between mixtures incorporating 
nano-CaC0 3  and those incorporating micro-CaC0 3  became larger with greater addition 
rates. This can be attributed to two factors: increased nucleation sites when using nano­
particles, which accelerates the hydration rate leading to an increased amount of 
hydration products, and the effect of dilution when considering micro-CaCCh, which 
consequently results in lower degree of hydration as discussed previously.
Chapter 4 91
Figure 4.10: D egree  o f  hydration for L3 m ixtures cured at (a) 10°C  [50°F ] and (b) 20°C
[6 8 °F],
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4.3.5 Heat of Hydration
Varying the size of micro-CaCCb had no significant effect on the heat of hydration. There 
was only a slight difference of about ± 5% between the heat of hydration of mixtures 
incorporating different micro-CaC0 3  sizes. The effect of incorporating different sizes of 
micro-CaC0 3  on the heat of hydration is illustrated in Fig. 4.11. Regardless of the 
particle size, varying the replacement amount of micro-CaCC^ from 5% to 15% led to a 
reduction in the heat development within the range of 7% to 13% compared to that of the 
control mixture. Furthermore, all mixtures incorporating micro-CaC0 3  experienced lower 
and later temperature peaks compared to that of the control mixture. This trend is due to 
the dilution effect, in which decreasing the amount of cement in the mixtures leads to a 
reduction in the hydrated material [Bonavetti et al., 2003].
Figure 4.11: Heat of hydration of UHPC mixtures containing various sizes of CaC0 3  at
an addition rate of 10%.
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Unlike mixtures containing micro-CaC0 3 , mixtures incorporating nano-CaCC>3 
experienced significantly higher temperature peaks at all replacement levels (Fig. 4.11). 
In addition, all temperature peaks for mixtures with nano-CaC0 3  were shifted to the left 
(occur earlier in time) compared to that of the micro-CaC0 3  mixtures. From these results, 
it can be observed that mixtures containing nano-CaC0 3  accelerated the hydration 
process, which can be attributed to and effective nucléation effect compared to that for 
mixtures incorporating micro-CaC0 3 . Hence, they achieved higher early compressive 
strength, which in agreement with previous compressive strength results (Fig. 4.8(a,b)). 
Moreover, all mixtures with nano-CaCÛ3 showed shorter dormant periods. This confirms 
the reduction in setting time results as discussed earlier (Fig. 4.5).
4.3.6 Drying Shrinkage
Fig. 4.12 and 4.13 illustrates the drying shrinkage and mass loss results for mixtures 
incorporating 12 pm-CaCCb cured at 10°C [50°F] and 20°C [68°F], respectively. Fig. 
4.14 and 4.15 show the drying shrinkage and mass loss results at both temperatures, for 
mixtures containing various sizes of CaCÛ3 at a 5% cement replacement level.
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Figure 4.12: Drying shrinkage of UHPC mixtures containing 12 gm-CaC0 3  cured at (a) 
10°C [50°F] and (b) 20°C [68°F]. [Maximum CV (10°C, 20°C): C (8.3%, 13.8%), 5% 
(14.9%, 7.3%), 10% (13.3%, 7.6%), 15% (9.5%, 5.3%)].
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Figure 4.13: Mass loss of UHPC mixtures containing 12 |am -CaC0 3  cured at (a) 10°C
[50°F] and (b) 20°C [68°F],
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Figure 4.14: Drying shrinkage of UHPC mixtures containing 5% CaCC>3 cured at (a) 
10°C [50°F] and (b) 20°C [68°F], [Maximum CV (10°C, 20°C): C(8.3%, 13.8%), 0.7 
fun (14.1%, 5.1%), 3 nm (19.2%, 14.3%), 6 jim (7.9%, 8.3%), 12 |im (14.9%, 7.3%)].
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Figure 4.15: Mass loss of UHPC mixtures containing 5% CaCOi cured at (a) 10°C
[50°F] and (b) 20°C [68°F].
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Mixtures cured at 10°C [50°F] exhibited only a slight variation in the shrinkage 
rates over the investigated period when the size and/or dosage of micro-CaCCh was 
varied. However, all specimens had comparable amounts of shrinkage to that of the 
control mixture. As the micro-CaC0 3  particles release entrapped water, more free water 
is supplied to the hydration process. However, at a relatively low curing temperature of 
10°C [50°F], the hydration process is slowed, therefore not consuming as much free 
water as it would at 20°C [68°F] [Thomas et al., 2001], and consequently the 
depercolation of capillary pores is extended. Hence, more free water became available for 
evaporation and can easily find its path to the surrounding environment, leading to higher 
mass loss. This can be observed in the mass loss results (Fig, 4.13a) where all mixtures 
incorporating micro-CaC0 3  had higher mass loss than that of the control, although 
varying the size and/or content of micro-CaC03 had no effect on the amount of mass loss. 
For instance, at 7 days, mixtures incorporating 5% of 12 pm-CaC0 3  showed about 27% 
higher mass loss than that of the control mixture, while the maximum variation due to 
increasing the 12 pm-CaC0 3  content from 5% to 15% was only 2%. Furthermore, slower 
hydration reactions lead to less autogenous shrinkage. Therefore, the higher contribution 
of the drying shrinkage to the total shrinkage can be compensated for by the lower 
contribution of the autogenous shrinkage, producing similar shrinkage to that of the 
control mixture.
Varying the size (Fig. 14b) and content (Fig. 12b) of micro-CaC0 3  resulted in 
similar shrinkage (± 9%) compared to that of the control mixture for specimens cured at 
20°C [68°F], As mentioned above, these micro-CaCCh particles release entrapped water, 
which is then incorporated into the hydration process to produce more hydration
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products. At that low level of w/c, this free water increases the internal relative humidity 
leading to lower capillary stresses according to Kelvin’s law (Eq. 4.1), and consequently 
reduces the amount of autogenous shrinkage.
P . - r m. - e^ L ^ R h  Eq. 4.1
" ' v
where Pw is the pressure of the liquid water, Pa,m is the atmospheric pressure, pw is the 
liquid mass density, R is the constant of ideal gas, T is the temperature, Mv is the water 
molar mass, and Rh is the relative humidity [Coussy et al., 2004],
Since there is less water available for evaporation due to it being combined into 
the hydration products, less drying shrinkage occurs. Therefore, the shrinkage varies only 
slightly compared to that of the control mixture at 20°C [68°F] when micro-CaC0 3  is 
added. This was confirmed by the mass loss results, as all mixtures incorporating micro- 
CaC0 3  resulted in similar or reduced mass loss compared to that of the control mixture. 
For instance, at 7 days and regardless of size, mixtures with 5% micro-CaCCh had 11% 
reduced mass loss compared to that of the control mixture.
At 10°C [50°F], mixtures incorporating nano-CaC0 3  had similar shrinkage to that 
of the mixtures incorporating micro-CaC0 3  (Fig. 14(a)). Nano-particles accelerate the 
hydration process leading to higher amounts of hydration products. These hydration 
products will consume more free water along with accelerating the depercolation of 
capillary pores. As a result, less water will be available for evaporation through the 
limited open capillary pores, thus leading to lower drying shrinkage. This was confirmed 
by mass loss results illustrated in Fig. 15(a). On the other hand, as nano-particles
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accelerate hydration rates, it exhibits higher autogenous shrinkage. The sum of the low 
drying shrinkage and high autogenous shrinkage results in comparable total shrinkage to 
that of mixtures incorporating micro-CaCCh. Mixtures incorporating micro-CaC0 3  
exhibited higher drying shrinkage likely due to the delay in depercolation of capillary 
pores as a result of the retardation of the hydration process (compared to that of mixtures 
with nano-CaCC>3) induced by the low curing temperature and dilution effect. This 
retardation in the hydration process also results in lower autogenous shrinkage.
At 20°C [68°F] mixtures incorporating nano-CaC0 3  showed less total shrinkage 
compared to that of all other mixtures (Fig. 14(b)). The effect of nano-CaCCb on the 
hydration process and depercolation of capillary pores leads to a discontinuous pore 
structure, which is more significant at 20°C [68°F] compared to that at 10°C [50°F]. 
Consequently, mixtures containing nano-CaCC>3 experienced significantly less mass loss 
compared to that of other mixtures Fig. 15(b).
4.4 CONCLUSIONS
In this study, the mechanical properties of mixtures incorporating various sizes and 
dosages of micro-limestone as a partial replacement for cement were examined in UHPC. 
The results were also compared to that of mixtures incorporating nano-CaC0 3 . From the 
experiments conducted with the materials in this study, it can be concluded that:
1. A d d in g  m icro -C aC 0 3  im proved the flow ab ility  o f  U H PC  m ixtures, w ith  an
average particle s ize  o f  3 pm  a ch iev in g  the best f lo w  results. N an o-C aC 0 3
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2. The addition of micro-CaC0 3  in UHPC did not accelerate the early-age hydration 
process, and mainly acted as an inert filler, improving mechanical properties 
through enhanced packing density. Conversely, nano-CaCCb had an accelerating 
effect for hydration reactions due to nucleation caused by the presence of ultrafine 
particles.
3. Adding nano-CaCC>3 in UHPC reduced the setting time significantly compared to 
that of other mixtures, regardless of the curing temperature, while adding micro- 
CaC0 3  resulted in shorter setting time than that of the control mixture only at the 
20°C [68°F],
4. UHPC mixtures incorporating micro-CaCCb showed comparable early-age 
compressive strength results to that of the control mixture. UHPC mixtures with 
nano-CaCC>3 addition resulted in higher early-age compressive strength than that 
of all other mixtures. At the age 28 days, all mixtures performed comparably to 
that of the control at cold (10°C [50°F]) and normal (20°C [68 °F]) temperatures.
5. Regardless of the curing temperature, micro-CaCCb did not have a significant 
effect on the amount of shrinkage compared to that of the control, while mixtures 
with nano-CaCC>3 experienced similar or reduced shrinkage strains.
6. Micro-CaCCb addition is a viable cement replacement material as it produces 
similar or enhanced mechanical properties, while creating a greener, more
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EFFECT OF COMBINED NANO AND MICRO LIMESTONE 
ADDITION ON EARLY-AGE PROPERTIES OF ULTRA-HIGH 
PERFORMANCE CONCRETE3
This paper examines the effect of incorporating micro- and nano-CaCÛ3 addition, both 
individually and combined, as partial replacement for cement on the early-age properties 
of UHPC. Specimens incorporate 0-5% of nano-CaCCb and 0-15% of micro-CaC0 3 , and 
are cured at both simulated cold (10°C) and normal (20°C) conditions. Currently, no 
research has been reported in major journals regarding the effect of usBing combined 
micro-nano sizes of CaCCb in UHPC. Hence, this work should contribute to the body of 
knowledge on the influence of different sizes of limestone particles, and their 
combination on the early-age properties of UHPC.
5.1 INTRODUCTION
The use of micro- and nano-sized CaC0 3  additives, single and combined, as partial 
replacement for cement has not yet been studied in depth. In UHPC, a high portion of the 
Portland cement remains unhydrated, and thus could be partially replaced by more
3 . . . . . . .A version of this chapter was submitted to ASCE Materials for Civil Engineering.
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economical and environmentally friendly materials [Sato, 2007]. In Chapter 3, nano- 
CaCC>3 was found to accelerate the hydration process when used as a partial replacement 
for cement. Chapter 4 concluded that the tested sizes of micro-CaC0 3  mainly acted as a 
filler material, used to density the microstructure. The research conducted thus far leads 
to the following question: is it possible to partially replace a large amount of cement with 
both nano- and micro-CaC0 3  and reap the individual benefits? Hence, this chapter 
investigates the effects of micro- and nano-CaCCE as partial replacement for cement, and 
their benefits in UHPC. The study provides an innovative solution for reducing the 
cement factor in UHPC, thus achieving greener concrete.
5.2 EXPERIMENTAL PROGRAM
5.2.1 Materials and Mixture Proportions
Similar materials and mixtures proportions were used as described in Chapter 3 (section 
3.2.1). In this chapter, micro-CaC0 3  having 3 pm average particle size, and a nano­
particle sized (15-40 nm) CaC03 were added as a white powder (>97% CaC03) at rates of 
0, 2.5, 5, 10, and 15% for micro-CaC0 3  and 0, 2.5, and 5% for nano-CaC0 3  as partial 
volume replacement for cement. The particle size distribution of the micro-CaC0 3  can be 
found in Chapter 4 (Fig. 4.1), and the SEM micrograph for the nano-CaC0 3  powder can 
be found in Chapter 3 (Fig. 3.1). The mixtures are labeled with respect to their dosage: 
#N-#M; “N” indicating nano-particles, “M” indicating micro-particles, and “#” 
representing the corresponding dosage. For example, 2.5N-5M represents a mixture with 
2.5% nano-CaC0 3  and 5% micro-CaCCE, together partially replacing 7.5% of cement by
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volume. The selected composition of the control mixture used throughout this 
dissertation, and the characteristics of the tested mixtures are shown in Tables 5.1 and
5.2, respectively.




Quartz sand (0.1-0.5 mm) 0.43
Quartz sand (0.3-0.8 mm) 1.53
Water 0.25
HRWRA 0.03

























Control 0.00 0.00 0.00 100.0 100.0 100.0 100.0
0N-2.5M 0.00 2.50 2.50 153.3 122.2 98.7 105.4
0N-5M 0.00 5.00 5.00 143.7 103.5 101.6 103.1
0N-10M 0.00 10.00 10.00 126.7 101.9 96.9 100.3
0N-15M 0.00 15.00 15.00 107.0 97.0 94.4 97.3
2.5N-0M 2.50 0.00 2.50 132.5 161.9 113.7 93.8
2.5N-2.5M 2.50 2.50 5.00 162.9 121.6 95.7 97.4
2.5N-5M 2.50 5.00 7.50 176.8 108.4 98.0 82.3
2.5N-10M 2.50 10.00 12.50 159.9 92.0 97.2 88.9
2.5N-15M 2.50 15.00 17.50 162.3 81.6 101.6 85.0
5N-0M 5.00 0.00 5.00 174.8 161.4 123.7 90.3
5N-2.5M 5.00 2.50 7.50 163.2 108.1 107.5 100.0
5N-5M 5.00 5.00 10.00 172.8 111.8 105.0 100.6
5N-10M 5.00 10.00 15.00 164.2 111.9 99.0 98.6
5N-15M 5.00 15.00 20.00 149.7 87.9 103.8 91.0
* As a volume replacement o f cement
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5.2.2 Test Methods and Specimens Preparation
Similar test methods and specimen preparation was followed as described in Chapter 3 
(section 3.2.2).
5.3 RESULTS AND DISCUSSION
5.3.1 Flowability
Figure 5.1 shows the changes in flowability for UHPC mixtures incorporating different 
contents of nano-CaC0 3  with an added percentage of micro-CaC0 3  from 0% up to 15%. 
Generally, all mixtures incorporating micro- and/or nano-CaC0 3  exhibited greater 
flowability compared to that of the control mixture without CaCCb addition. The 
flowability improved as nano-CaC0 3  was added to mixtures at the same amount of 
micro-CaCCb. For instance, adding 2.5% and 5% nano-CaCCb to mixtures with 2.5% 
micro-CaCCb led to 14.5% and 40% improvement in its flowability, respectively. 
Similarly, mixtures became more flowable as the micro-CaCCb content increased at 
constant nano-CaCCb addition rates. For example, mixtures with 2.5% nano-CaC0 3  had 
an improvement in flowability of 14.7% and 25% when the micro-CaCCb addition 
increased to 5% and 10%, respectively. Therefore, greater cement replacement amounts 
achieved greater flowability. These trends can be attributed to the lubrication effect 
caused by the presence of fine CaCC>3 particles [Elkhadiri et al., 2002; Esping, 2008]. 
Although particles with high surface area are being introduced into these mixtures, which 
would normally lower flowability due to higher water demand, the amount of dilution 
becomes greater, therefore increasing the effective w/c ratio. Furthermore, the CaCC>3
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particles release entrapped water between coarser particles [Elkhadiri et al., 2002; Esping, 
2008], therefore making more water available to aid in the flowability.
Figure 5.1: Flow table results of UHPC mixtures incorporating various sizes and dosages
ofC aC 03.
5.3.2 Setting Time
Regardless of the curing temperature, adding nano-CaC03 to UHPC mixtures with 
constant micro-CaC03 content decreased the initial and final setting times compared to 
that of mixtures without nano-CaC03. For instance, in mixtures with 10% micro-CaC03 
cured at 10°C [50°F], the final setting time was reduced by 39% and 48% when the 
amount of nano-CaC03 increased to 2.5% and 5%, respectively, compared to that of 
mixtures with no nano-particles (Fig. 5.2(a)). This is due to both an increased number of 
contact points between hydration products in the mixtures due to the presence of CaC03
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[Lea, 1988], along with accelerated hydration promoted by nano-particles due to the 
nucleation effect [Sato, 2006], as can be observed in the heat of hydration results, 
discussed later in this text.
At both curing temperatures, mixtures with similar nano-CaCCL content 
experienced a slight increase, if any, in the setting time when the amount of micro-CaCCb 
was increased. For instance at 20°C [68°F], the final setting time for mixtures 
incorporating 5% nano-CaCCb increased by only 6% when the added amount of micro- 
CaCC>3 increased from 0 to 15% (Fig. 5.2(b)). This can be attributed to two compensating 
effects: dilution and filling. The dilution effect results in the formation of less hydration 
products within mixtures having high cement replacement levels, therefore causing 
slower setting times [Bonavetti et al., 2003]. This is offset by the added micro-CaC0 3  
particles, which densifies the microstructure through particle packing, and consequently 
reduces the amount of available space for hydration products to form. Furthermore, the 
micro-CaCCL particles can act as contact points between hydration products, eventually 
solidifying the microstructure to create shorter setting times [Bonavetti et al., 2003].
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Figure 5.2: Final settin g  tim e resu lts for U H P C  m ixtures incorporating various s izes  and
d o sa g es o f  CaCC>3 , cured at (a) 10°C  [50°F ] and (b) 20 °C  [6 8 °F],
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At 10°C [50°F], using up to 5% nano-CaC0 3  was effective at reducing the final 
setting time. Mixtures incorporating 5% nano-CaCC>3 exhibited final setting times in the 
range of 46% to 52% shorter than that of the control mixture without nano-CaCC^ as the 
micro-CaC0 3  addition was increased from 0 to 15%. At 20°C [68°F], mixtures 
incorporating 5% nano-CaCC>3 showed shorter setting time compared to that of the 
control mixture without CaCC>3. However, increasing the addition rate of nano-CaCCb 
was more effective at 10°C [50°F] than at 20°C [68°F]. As shown in Fig. 5.2, increasing 
the nano-CaC0 3  addition from 0% to 5% resulted in a final setting time reduction ranging 
from 38% to 52% at 10°C [50°F] and from 33% to 35% at 20°C [68°F] as micro-CaC0 3  
addition increased from 2.5 to 15%. Hence, the acceleration effect of the nano-CaCC>3 
particles was more prominent at colder temperatures for these mixtures.
5.3.3 Compressive Strength
Figure 5.3 (a,b) illustrates the 24 hrs compressive strength results for UHPC mixtures 
cured at 10°C [50°F] and 20°C [68°F], At 10°C [50°F], all mixtures incorporating CaCC>3 
had similar to or higher 24 hrs compressive strength than that of the control mixture 
without CaCC>3 addition. Mixtures incorporating nano-CaCC^ resulted in higher 24 hrs 
compressive strength compared to that of mixtures without nano-CaC0 3  addition. For 
instance, there was a 40% improvement in the 24 hrs compressive strength when 2.5% 




























Figure 5.3: 24-hours compressive strength results for UHPC mixtures incorporating 
various sizes and dosages of CaCC>3 cured at (a) 10°C [50°F] and (b) 20°C [68°F], 
[Maximum CV (10°C, 20°C): C (0.9%, 2.0%), 0% Nano (7.1%, 4.3%), 2.5% Nano 
(7.5%, 3.3%), 5% Nano (12.2%, 10.6%)].
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Further increasing the nano-CaCCE addition beyond 2.5% did not induce a significant 
difference (i.e. ± 4%) in the achieved compressive strength, regardless of the micro- 
CaCCb content (Fig. 5.3(a)). In addition, as the micro-CaCCE content increased from 
2.5% to 15%, the 24 hrs compressive strength for mixtures incorporating a constant level 
of nano-CaCCb did not change significantly (i.e. ± 7%). During early-age, the nucléation 
effect induced by nano-CaCCb accelerates the hydration process [Sato, 2006]. 
Furthermore, the presence of fine CaCCb releases entrapped water between coarse 
particles [Elkhadiri et al, 2002; Esping, 2008], which can be combined into hydration 
products, creating a denser microstructure. Therefore, these mechanisms compensate for 
the dilution effect induced by increasing the partial replacement of cement with nano 
and/or micro CaCCh. In addition, it can offset the delay in hydration reactions that occurs 
due to low curing temperatures [Escalante-Garcia and Sharp, 1998].
At 20°C [68°F], mixtures incorporating nano-CaC0 3  exhibited similar 24 hrs 
compressive strength to that of mixtures with only micro-CaC0 3 . Increasing the added 
amount nano-CaC03 from 2.5% to 5% did not have a significant effect on compressive 
strength. For instance, increasing the added amount of nano-CaCCb from 2.5% to 5% 
resulted in a variation of the 24 hrs compressive strength ranging between -0.5% and 
+9.8% for mixtures incorporating 0% to 15% micro- CaCC>3. Although the nano-particles 
accelerate the hydration process through nucléation of hydration products [Sato, 2006], 
mixtures with 5% nano-CaCCE may not have sufficient free space for hydration products 
to form, thus limiting this accelerating effect. Hence, nano-particles can densify the 
microstructure through particle packing, which compensates for dilution [Wang et al.,
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2011], resulting in no significant change in compressive strength when adding greater 
amounts of nano-CaC0 3 .
Figure 5.4 (a,b) illustrates the 28 days compressive strength results for mixtures 
cured at 10°C [50°F] and 20°C [68°F]. At 10°C [50°F], mixtures incorporating only 
nano-CaCC>3 exhibited approximately 15% to 25% higher compressive strength compared 
to that of the control mixture without CaCC>3. However, adding nano-CaC03 to mixtures 
incorporating micro-CaC0 3  did not have a significant effect on compressive strength. 
Moreover, all mixtures incorporating nano and/or micro-CaC0 3  showed a variation in the 
28 days compressive strength of around ± 6% with respect to that of the control mixture. 
In this case, the dilution effect was compensated for by the enhance particle packing 
induced by adding ultrafine CaC03, thus maintaining comparable compressive strength.
At a curing temperature of 20°C [68°F], all mixtures had similar (± 10%) 28 days 
compressive strength to that of the control mixture. Adding nano-CaCC>3 slightly lowered 
the compressive strength due to the cement dilution effect. Furthermore, adding up to 
2.5% of micro-CaC0 3  appeared to increase the 28 day compressive strength, which can 
be attributed to the filler effect. With greater additions of micro-CaC0 3 , a decrease in the 
compressive strength occurred as a result of cement dilution.
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Figure 5.4: The 28-days compressive strength results for UHPC mixtures incorporating 
various sizes and dosages of CaCCb cured at (a) 10°C [50°F] and (b) 20°C [68°F], 
[Control mixture 28-days compressive strength: 125-135 MPa (10°C); 153-168 MPa
(20°C)].
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The effect of dilution on the 24 hrs compressive strength for mixtures cured at 
10°C [50°F] and 20°C [68°F] is illustrated in Fig. 5.5 (a,b). At 10°C [50°F], mixtures 
incorporating CaCC>3 achieved similar to or higher compressive strength than that of the 
control mixture without CaC0 3 . The highest compressive strength was achieved by 
mixtures incorporating nano-CaCC>3, more specifically mixtures incorporating 2.5% 
nano- and 5% micro-CaC0 3 , and mixtures with 5% nano- and 0%, or 5% micro-CaC0 3 . 
For these mixtures, between 5% and 10% of cement can be replaced with CaCC>3, while 
achieving approximately 73-77% higher 24 hrs compressive strength than that of the 
control mixture. The higher compressive strength was likely induced by the accelerated 
nucléation of hydration products caused by the presence of nano-CaCC>3 [Sato, 2006], 
Above 10% cement replacement, there is only a slight reduction in the 24 hrs 
compressive strength with increasing additions of CaCC>3. This is because there is not 
sufficient space in the microstructure to incorporate both filler packing materials 
[Bonavetti et al., 2003] and the increased amounts of hydration products, which 
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Figure 5.5: 24-h ou rs co m p ressiv e  strength results o f  U H P C  m ixtures incorporating



























At 20°C [68°F], the highest 24 hrs compressive strength was achieved in mixtures 
incorporating either 2.5% or 5% nano-CaC0 3 , and no micro-CaCC^. These mixtures 
achieved 62% higher 24 hrs compressive strength than that of the control mixture. Thus, 
2.5% up to 5% of cement can be replaced by CaCCb while achieving higher early-age 
compressive strength. In these mixtures, the particle packing effect is dominant, which 
reduces the amount of available space in the microstructure [Bonavetti et al., 2003], 
therefore limiting the effect of nucléation. However, cement dilution governs for 
mixtures incorporating more than 5% CaCCb, and the compressive strength tends to 
decrease beyond a 5% replacement rate.
The effect of the total cement replacement on the 28 days compressive strength is 
illustrated in Fig. 5.6 (a, b). The same early-age trend with respect to the control mixture 
can be found at later age for the respective curing temperature. At 10°C [50°F], the 
highest 28 days compressive strength (21% above that of the control mixture) was 
achieved in the mixture incorporating 5% nano- and 0% micro-CaC0 3 . At 20°C [68°F], 
the highest 28 days compressive strength (5.4% above that of the control) was achieved 
by the mixture incorporating 0% nano- and 2.5% micro-CaC0 3 . Above this level, 
dilution governs and was not compensated for by the improved packing density induced 
by both the nano- and micro-CaCCb particles.
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Figure 5.6: 28-days compressive strength results of UHPC mixtures incorporating 
CaCC>3 in terms of partial cement replacement, at (a) 10°C [50°F], and (b) 20°C [68°F], 
[Control mixture 28-days compressive strength: 125-135 MPa (10°C); 153-168 MPa
(20°C)].
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5.3.4 Degree of Hydration
The trend in the degree of hydration results was different at each temperature, as can be 
observed in Figs. 5.7 and 5.8. At 10°C [50°F], incorporating nano-CaCC^ into mixtures 
with a constant micro-CaCCb content increased the 24 hrs degree of hydration compared 
to that of the control mixture and mixtures with only micro-CaC0 3 . This indicates that 
the nucleation effect induced by the presence of nano-CaCC>3 is very prominent, 
accelerating the hydration process and overcoming dilution. This is in agreement with the 
compressive strength results discussed earlier. Furthermore, adding micro-CaCCb to 
mixtures containing constant nano-CaCC>3 levels led to no change in the degree of 
hydration. At this relatively low temperature, there is sufficient space in the 
microstructure for higher amounts of hydration products to form from the accelerated 
hydration process, which can offset the cement dilution effect.
For specimens cured at 20°C [68°F], adding nano-CaC0 3  to mixtures with a 
constant micro-CaC0 3  content decreased the 24 hrs degree of hydration compared to that 
of the control mixture and mixtures with only micro-CaCCb (Fig. 5.7). Similar results 
were found when adding micro-CaC0 3  to mixtures with a constant nano-CaCCb content 
(Fig. 5.8). However, the degree of hydration for mixtures with various micro-CaC0 3  
contents was similar. The decrease in the 24 hrs degree of hydration is due to cement 
dilution and the reduced space for hydration products to form [Bonavetti et al., 2003], 
limiting the effect of accelerated hydration. Thus, particle packing is a main mechanism 
for the development of mechanical properties at this curing temperature and the 
comparable 24 hrs compressive strength values discussed earlier are mainly due to the 
effect of particle packing.
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Figure 5.7: D eg ree  o f  hydration results for U H P C  m ixtures incorporating 15% m icro-


























Figure 5.8: D eg ree  o f  hydration resu lts for U H P C  m ixtures incorporating 5% nano-
C a C 0 3 cured at (a) 10°C  [50°F ], and (b) 2 0 °C  [68°F ],
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5.3.5 Heat of Hydration
The heat of hydration results for UHPC mixtures containing 5% nano-CaCCb are shown 
in Fig. 5.9. The heat of hydration peaks shifted to the left when nano-CaCCh was 
incorporated into mixtures with a constant micro-CaC0 3  content, indicating an 
acceleration of hydration reactions. This is mainly due to the nucleation effect [Sato, 
2006], which supports the early-age compressive strength results discussed earlier. For 
mixtures with a constant nano-CaC0 3  content, incorporating micro-CaC0 3  resulted in 
temperature peaks that shifted downwards, and at times slightly to the right, relative to 
that of mixtures with only nano-CaC0 3 . This trend signifies that micro-CaC0 3  particles 
act as a filling material, and do not contribute significantly to the hydration process [Sato, 
2006], Therefore, the downward shift is apparently due to the cement dilution effect. The 
outcome of this trend can be observed in the setting time results since micro-CaC0 3  had 
little effect or a slight increase in the setting time compared to that of mixtures with only
nano-CaC0 3 .
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Figure 5.9: Heat of hydration results for UHPC mixtures incorporating 5% nano-CaCC>3
and various dosages of micro-CaC0 3 .
5.3.6 Drying Shrinkage
Up to 7 days, generally adding nano-CaC0 3  to UHPC mixtures with constant micro- 
CaCC>3 cured at 10°C [50°F] resulted in decreased shrinkage and similar mass loss 
compared to that of mixtures with only micro-CaCCh. For instance at 7 days, in mixtures 
with 15% micro-CaCCh, increasing the nano-CaC0 3  content from 0% to 5% resulted in 
18% lower shrinkage and 3% lower mass loss (Fig. 5.10).
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Figure 5.10: (a) Drying shrinkage, and (b) mass loss results for UHPC mixtures 
incorporating 15% micro-CaC0 3 , cured at 10°C [50°F], [Maximum CV (10°C): C 
(8.3%), 0% Nano (10%), 2.5% Nano (10.9%), 5% Nano (7.4%)].
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The presence of ultrafine CaC0 3  particles occupies free space and releases entrapped 
water [Elkhadiri et al., 2002; Esping, 2008], which is then incorporated into the hydration 
process to produce more hydration products. At that low level of w/c, this free water 
increases the internal relative humidity, leading to lower capillary stresses according to 
Kelvin’s law (Eq. 4.1) [Coussy et al., 2004], and consequently reduces the amount of 
autogenous shrinkage [Holt, 2005]. Furthermore, the nano-particles accelerate the 
hydration process through inducing the nucleation effect, leading to faster development 
of the internal microstructure, which acts as an internal restraint against shrinkage 
[Bucher, 2009], Therefore, the reduction in total shrinkage strains can be attributed to 
lower autogenous shrinkage and the presence of an internal restraint mechanism. 
Although higher amounts of free water are expected in mixtures with larger quantities of 
fine filler particles, the mass loss remained similar due to water being incorporated into 
hydration products. In addition, the accelerated hydration process allows for faster 
depercolation of capillary pores compared to that of mixtures with only micro-CaC0 3 , 
which lowers the amount of evaporable water.
At 20°C [68°F], adding nano-CaCCb to UHPC mixtures incorporating micro- 
CaCCb resulted in higher shrinkage strains compared to that of mixtures with only micro- 
CaCC>3. Figure 5.11 illustrates the drying shrinkage and mass loss for mixtures 
incorporating 15% micro-CaC0 3  cured at 20°C [68°F], At 7 days, mixtures with 15% 
micro-CaCCb incorporating either 2.5% or 5% nano-CaCC>3 exhibited 27% and 13% 
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Figure 5.11: (a) Drying shrinkage, and (b) mass loss results for UHPC mixtures 
incorporating 15% micro-CaCOj, cured at 20°C [68°F]. [Maximum CV (20°C): C 
(13.8%), 0% Nano (10.8%), 2.5% Nano (2.4%), 5% Nano (14.2%)].
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At the warmer temperature of 20°C [68°F], mixtures containing up to 2.5% nano- 
CaCC>3 experience accelerated hydration induced by the nucleation effect, resulting in 
higher amounts of autogenous shrinkage. Furthermore, mixtures containing more than 
2.5% nano-CaCC>3 have reduced amount of space for hydration products to form, limiting 
the accelerating effect, and causing the remainder of the nano-CaCC>3 to act as an inert 
filler, thus restraining further shrinkage by creating a denser microstructure. Mixtures 
with 15% micro-CaC0 3  experienced a slight, if any, increase in the mass loss due to 
slightly more free water evaporating [Bucher, 2009], since less water is being combined 
into the hydration process due to the limited space in the microstructure.
Mixtures incorporating various dosages of micro-CaCCb with a constant nano- 
CaC03 content cured at 10°C [50°F] had reduced shrinkage strains and generally higher 
mass loss compared to that of mixtures with only nano-CaCC>3 (Fig. 5.12). For instance at 
7 days, the shrinkage decreased by 23%, and the mass loss increased by 6.6% for the 
mixture with 2.5% nano- and 15% micro-CaC0 3  compared to that of the mixture 
containing only 2.5% nano-CaC0 3 . The addition of micro-CaCC^ releases some 
entrapped water, leading to higher evaporation levels as indicated by the results. Higher 
cement dilution levels can account for the lower shrinkage rates [Soliman, 2011], as less 






Figure 5.12: (a) Drying shrinkage, and (b) mass loss results for UHPC mixtures 
incorporating 2.5% nano-CaCC>3, cured at 10°C [50°F]. [Maximum CV (10°C): C (8.3%), 
0% Micro (11.7%), 2.5% Micro (11.7%), 5% Micro (8.7%), 10% Micro (14.3%), 15%
Micro (10.9%)].
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At a curing temperature of 20°C [68°F], adding micro-CaC0 3  to mixtures 
incorporating a constant level of nano-CaCCE resulted in increased shrinkage and higher 
mass loss with respect to that of mixtures with only nano-CaCCE (Fig. 5.13). 
Furthermore, increasing the amount of micro-CaC0 3  from 2.5% to 15% resulted in no 
change in shrinkage, but greater mass loss. For instance at 7 days, mixtures incorporating 
2.5% nano-CaC0 3  resulted in 4% lower shrinkage and 15% higher mass loss when 
increasing the amount of micro-CaC0 3  in the mixture from 5% to 15%. With greater 
quantities of fine particles, more entrapped water is released [Elkhadiri et al., 2002; 
Esping, 2008], Since micro-CaC0 3  does not affect the hydration process, higher 
evaporation results are expected, which leads to higher drying shrinkage [Bucher, 2009],
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Figure 5.13: (a) Drying shrinkage, and (b) mass loss results for UHPC mixtures 
incorporating 2.5% nano-CaCCE, cured at 20°C [68°F], [Maximum CV (20°C): C 
(13.8%), 0% Micro (23.1%), 2.5% Micro (7.9%), 5% Micro (14.1%), 10% Micro




Figure 5.13 (Cont’d): (a) Drying shrinkage, and (b) mass loss results for UHPC 
mixtures incorporating 2.5% nano-CaCCh, cured at 20°C [68°F]. [Maximum CV (20°C): 
C (13.8%), 0% Micro (23.1%), 2.5% Micro (7.9%), 5% Micro (14.1%), 10% Micro
(11.7%), 15% Micro (7.3%)].
The 7-days drying shrinkage and mass loss results for mixtures cured at 10°C 
[50°F] are presented in Fig. 5.14. All mixtures incorporating CaCÛ3 exhibited similar to 
or lower shrinkage strains than that of the control mixture without CaCOî. The smallest 
amount of shrinkage was in the mixture incorporating 2.5% nano- and 5% micro-CaCOj., 
which had a reduction in shrinkage of 35% compared to that of the control mixture. 
Above this cement replacement level, higher shrinkage rates can be attributed to more 
free water available for evaporation, therefore leading to higher mass loss.
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Figure 5.14: Results for 7 days (a) Drying shrinkage, and (b) mass loss, in terms of 
partial cement replacement, cured at 10°C [50°F],
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Figure 5.15 illustrates the effect of the total cement replacement on the 7-days 
drying shrinkage and mass loss of mixtures cured at 20°C [68°F], Similar to mixtures 
cured at 10°C [50°F], all mixtures incorporating CaC0 3  exhibited less shrinkage 
compared to that of the control mixture. Three mixtures tied for the smallest amount of 
shrinkage: 2.5% nano- and 0% micro-CaCCb, 0% nano- and 10% micro-CaC0 3 , and 0% 
nano-15% micro-CaCCb, with approximately 31% to 34% decrease in shrinkage 
compared to that of the control mixture. Apparently, it is possible to replace up to 15% of 
cement with micro-CaCCb and achieve similar shrinkage strains to that when replacing 










Figure 5.15: Results for 7 days (a) Drying shrinkage, and (b) mass loss, in terms of 
partial cement replacement, cured at 20°C [68°F].
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Figure 5.15 (Cont’d): Results for 7 days (a) Drying shrinkage, and (b) mass loss, in 
terms of partial cement replacement, cured at 20°C [68°F].
0
5.4 CONCLUSIONS
This study investigated the effects of incorporating micro- and nano-CaC0 3 , both 
individually and combined, as partial replacement for cement, on the early-age properties 
of UHPC. Mixtures were tested at both simulated cold (10°C [50°F]) and normal (20°C 
[68°F]) conditions. From the experiments conducted with the materials in this study, it 
can be concluded that:
1. Incorporating micro and/or nano-CaCÛ3 resulted in higher flowability of UHPC 
mixtures compared to that of the control mixture. Increasing the cement 
replacement level led to more flowable mixtures.
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2. Incorporating both nano- and micro-CaC0 3  into UHPC reduced the setting time 
significantly, regardless of the curing temperature. Mixtures consisting of 5% 
nano-CaCC>3 and 0% to 15% micro-CaCCb achieved the shortest setting times at 
both 10°C [50°F] and 20°C [68°F].
3. At 10°C [50°F], densifying the microstructure through enhanced particle packing, 
and the enhanced nucléation and growth of hydration products induced by nano- 
CaCC>3 were the main contributors to the improved early-age compressive 
strength. The highest 24-hrs compressive strength was achieved by partially 
replacing cement with 2.5% nano- and 5% micro-CaCCb, and 5% nano- and 0%, 
or 5% micro-CaCCb. The highest 28 days compressive strength was achieved by 
the mixture incorporating 5% nano- and 0% micro-CaCC^.
4. At 20°C [68°F], densifying the microstructure through enhanced particle packing 
was the main contributor to the comparable/ higher early-age compressive 
strength with respect to that of the control mixture. The lack of available space for 
hydration products to form limited the accelerated hydration induced by the 
presence of nano-CaC0 3 . The highest 24-hrs compressive strength was achieved 
by replacing cement with 2.5% or 5% nano- and 0% micro-CaCCb. The highest 
28-days compressive strength was achieved by the mixture incorporating 0% 
nano- and 2.5% micro-CaCCb.
5. At 10°C [50°F], partially replacing cement with 2.5% nano- and 5% micro- 
CaCC>3 achieved the smallest amount of shrinkage at 7 days. At 20°C [68°F], the 
smallest shrinkage strains were measured in mixtures incorporating 2.5% nano- 
and 0% micro-CaC0 3 , and 0% nano- and 10% or 15% micro-CaCCb.
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6. Through the combination of micro- and nano-CaCCh, cementitious materials can 
have the benefits of accelerated early-age hydration and enhanced particle­
packing density, while achieving similar, if not enhanced mechanical properties 




Bonavetti, V., Donza, H., Menéndez, G., Cabrera, O. and Irassar, E. F., “Limestone filler 
cement in low w/c concrete: A rational use of energy,” Cement and Concrete 
Research, V. 33, No. 6, 2003, pp. 865-871.
Bucher, B., “Shrinkage and Shrinkage Cracking Behavior of Cement Systems Containing 
Ground Limestone, Fly Ash, and Lightweight Synthetic Particles,” M.Sc Thesis, 
Purdue University, USA, 2009, 190 p.
Coussy, O., Dangla, P., Lassabatère, T., and Baroghel-Bouny, V., “The equivalent pore 
pressure and the swelling and shrinkage of cement-based materials,” Materials 
and Structures, V. 37, No. 1, 2004, pp. 15-20.
Elkhadiri, L, Diouri, A., Boukhari, A., Aride, J. and Puertas, F., “Mechanical behavior of 
various mortars made by combined fly ash and limestone in Moroccan Portland 
cement,” Cement and Concrete Research, V. 32, No. 10, 2002, pp. 1597-1603.
Escalante-García, J. I. and Sharp, J. H., “Effect of temperature on the hydration of the 
main clinker phases in portland cements: Part II, blended cements,” Cement and 
Concrete Research, V. 28, No. 9, 1998, pp. 1259-1274.
Esping, O. “Effect of limestone filler BET(H20)-area on the fresh and hardened 
properties of self-compacting concrete,” Cement and Concrete Research, V. 38, 
No. 7, 2008, pp. 938-944.
Holt, E., “Contribution of mixture design to chemical and autogenous shrinkage of 
concrete at early ages,” Cement and Concrete Research, V. 35, No. 3, 2005, pp. 
464-472.
Lea, F.M. Lea's Chemistry of Cement and Concrete 4th Edition, (ed.) P.C. Hewlett, J. 
Wiley, New York, 1988, 1053 p.
Sato, T., “Applications of Nanotechnology for the Sustainable Development of Cement- 
based Materials,” PhD Thesis, University of Ottawa, Canada, 2006, 171 p.
Soliman, A., “Early-Age Shrinkage of Ultra High-Performance Concrete: Mitigation and 
Compensating Mechanisms,” PhD Thesis, University of Western Ontario, 
Canada, 2011, 382 p.
W ang, Y ., W ang, W . and G uan, X ., “P h ysica l f illin g  effec ts  o f  lim eston e  pow ders with
different particle s iz e ,” Advanced Materials Research, V . 163 -1 6 7 , 2 0 1 1 ,  pp.




6.1 SUMMARY AND CONCLUSIONS
The effects of fine limestone used as partial replacement for cement on the engineering 
properties of concrete have been studied in depth over the past several years. However, 
despite the wealth of knowledge gained about this natural additive, its effects on the 
engineering properties of ultra-high performance concrete (UHPC) have yet to be 
investigated. This study provides an insight into the effects of different particle sizes and 
dosages of fine limestone on UHPC.
In Chapter 2, a brief overview of the state-of-the-art research on using ground 
limestone in concrete is presented. It was found that cementitious materials containing 
limestone had enhanced flowability, no change or decreased setting time, increased 
compressive strength for small cement replacement dosages, and higher shrinkage strains 
compared to that of mixtures without limestone. Furthermore, there was no consensus in 
the literature regarding the effect of limestone on the durability of cementitious materials.
An important phase in this research was to investigate the effects of nano-CaCCh 
on the engineering properties of concrete. In Chapter 3, using various dosages of nano- 
CaCC>3 in UHPC was studied and its effects were compared to that of commercial 
accelerating agents. This was to determine the possibility of using nano-CaC0 3  as a
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hydration accelerator in the concrete industry. The results indicated that nano-CaCC>3 can 
be competitive versus commercial accelerating admixtures; it better improved the 
flowability, reduced the setting time, and increased the compressive strength of UHPC. 
Furthermore, nano-limestone showed a high potential for reducing shrinkage strains by 
creating an internal restraint against shrinkage. Nano-CaC0 3  accelerated the cement 
hydration process through enhanced nucleation and growth of hydration products, and it 
was found that greater amounts of the nano-material resulted in larger hydration 
accelerating effects.
The second phase of this research, reported in Chapter 4, investigated the effects 
of various sizes and dosages of micro-limestone, and compared the results to that of 
mixtures incorporating nano-CaCCh, from Chapter 3. Generally, mixtures with micro­
limestone performed similarly to that of the control mixture without limestone addition, 
owing to the enhanced particle packing density, which overcame the effect of cement 
dilution. Micro-limestone did not appear to contribute to the hydration process, and 
therefore acted primarily as a filler material, densifying the microstructure. Nano-CaCCb 
had superior performance in most cases compared to that of mixtures with micro­
limestone. The accelerated hydration process caused by the nucleation effect was found 
to be most beneficial at improving the mechanical properties of UHPC at both cold 
(10°C) and normal (20°C) curing conditions.
The effects of combining nano- and micro-limestone in UHPC mixtures have 
been studied in Chapter 5. Due to the high volume of fine particles, the free space 
available for hydration products to form was limited, resulting in the filler effect being 
the most effective mechanism in mixtures cured at 20°C. On the other hand, mixtures
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cured in cold (10°C) conditions had much more free space available in the 
microstructure; thus the acceleration effect due to the presence of nano-materials, along 
with the filler effect from the micro-limestone, enhanced mechanical performance. It was 
found that up to 20% of limestone could partially replace cement without hindering the 
mechanical properties of the UHPC.
This research allowed gaining an improved understanding of the effectiveness of 
limestone addition in UHPC. The use of nano-CaCCb proved effective as a setting and 
hardening accelerator, and should be further explored in the future. Greener and more 
economical UHPC could be developed whereby the mechanical properties are enhanced 
compared to that of similar mixtures without limestone addition. This dissertation paves 
the way for more concentrated and focused areas of study, as suggested in the following 
section.
6.2 RECOMMENDATIONS FOR FUTURE WORK
1. The durability of cementitious systems incorporating nano- and micro-limestone 
is a concern, and is often the rationale for limitations on using limestone in 
cement standards. The use of nano- and micro-limestone in UHPC are new areas 
of research. Thus, it is recommended that potential durability risks of this system 
be evaluated carefully.
2. Since promising results have been obtained for mixtures tested in this study, the 
optimum dosage of limestone (either nano-CaCC^, micro-limestone, or a 
combination of both) should be determined. This area of research would need to
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incorporate both early-age and later-age mechanical properties, as well as 
durability testing.
3. The Canadian Standards Association has been revising the limitations on using 
ground limestone as partial replacement for cement. A new limit on limestone use 




Table A .l: Flowability results for all tested mixtures
Nano-CaCC>3 Micro-CaCC>3 Size of micro- Flow
Content (%) Content (%) CaC (>3 (jim) Index
0 0 — 104
2.5 0 — 116
5 0 — 140
10 0 — 108
15 0 — 60
0 5 0.7 107
0 10 0.7 112
0 15 0.7 136
0 5 6 120
0 10 6 146
0 15 6 168
0 5 12 120
0 10 12 156
0 15 12 178
0 2.5 3 110
0 5 3 125
0 10 3 138
0 15 3 170
2.5 2.5 3 126
2.5 5 3 133
2.5 10 3 145
2.5 15 3 166
5 2.5 3 154
5 5 3 160
5 10 3 168
5 15 3 185
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0 0 — 100.0 100.0
2.5 0 — 67.9 55.0
5 0 — 59.4 47.6
10 0 — 39.6 32.9
15 0 — 22.8 18.2
0 5 0.7 111.9 102.8
0 10 0.7 115.2 100.7
0 15 0.7 107.3 87.0
0 5 6 119.4 100.4
0 10 6 133.7 101.0
0 15 6 101.8 89.9
0 5 12 122.4 99.0
0 10 12 135.4 102.7
0 15 12 105.5 92.3
0 2.5 3 89.1 79.4
0 5 3 108.9 98.6
0 10 3 112.3 102.2
0 15 3 97.0 87.6
2.5 2.5 3 73.7 60.3
2.5 5 3 76.8 65.5
2.5 10 3 76.0 62.5
2.5 15 3 76.2 61.3
5 2.5 3 58.4 48.3
5 5 3 67.5 56.8
5 10 3 65.9 52.9
5 15 3 68.9 60.6
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0 0 — 100.0 100.0
2.5 0 — 69.4 58.7
5 0 — 51.4 41.3
10 0 — 46.1 40.4
15 0 - - 23.6 20.2
0 5 0.7 71.7 77.9
0 10 0.7 63.5 64.8
0 15 0.7 62.0 62.5
0 5 6 80.4 86.5
0 10 6 79.8 79.6
0 15 6 76.1 74.0
0 5 12 85.4 87.7
0 10 12 85.0 81.9
0 15 12 87.6 80.8
0 2.5 3 67.4 67.7
0 5 3 73.9 77.9
0 10 3 64.1 70.2
0 15 3 65.2 69.2
2.5 2.5 3 55.7 55.6
2.5 5 3 53.7 54.2
2.5 10 3 60.7 63.3
2.5 15 3 59.8 62.5
5 2.5 3 46.7 50.2
5 5 3 50.0 52.1
5 10 3 53.5 53.1
5 15 3 49.3 51.3













Compressive Strength (% of Control)
6 hrs 
(MPa) 8 hrs 10 hrs 12 hrs 24 hrs 3 days 7 days 28 days
0 0 — 0.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
2.5 0 — 0.2 450.0 390.0 278.9 132.5 112.5 97.7 113.7
5 0 — 0.7 1450.0 890.0 415.8 174.8 111.6 91.0 123.7
10 0 — 1.1 1650.0 1340.0 452.6 167.5 98.2 88.3 105.8
15 0 - 1.6 2200.0 1780.0 568.4 168.2 88.0 73.7 100.1
0 5 0.7 0.4 425.0 460.0 178.9 129.1 103.0 96.9 104.2
0 10 0.7 0.0 400.0 400.0 189.5 126.7 80.0 86.1 99.2
0 15 0.7 0.2 300.0 310.0 147.4 126.5 75.3 73.4 95.1
0 5 6 0.0 0.0 100.0 65.8 141.7 95.0 83.1 108.1
0 10 6 0.0 0.0 80.0 42.1 129.1 89.7 74.2 105.9
0 15 6 0.0 0.0 50.0 47.4 107.9 86.7 70.3 105.6
0 5 12 0.0 100.0 120.0 76.3 135.4 88.3 80.3 106.1
0 10 12 0.0 0.0 80.0 52.6 124.5 84.3 72.0 98.0
0 15 12 0.0 0.0 20.0 31.6 115.2 81.4 66.5 94.9
0 2.5 3 0.0 250.0 310.0 215.8 153.3 96.9 83.6 98.7
0 5 3 0.0 200.0 170.0 147.4 143.7 92.6 86.1 101.6
0 10 3 0.0 50.0 110.0 73.7 126.7 89.4 83.1 96.9
0 15 3 0.0 0.0 80.0 44.7 107.0 81.2 72.0 94.4
2.5 2.5 3 0.0 475.0 640.0 323.7 162.9 90.0 80.3 95.7
2.5 5 3 0.3 525.0 670.0 331.6 176.8 86.0 81.2 98.0
2.5 10 3 0.1 400.0 560.0 310.5 159.9 89.2 81.3 97.2
2.5 15 3 0.0 550.0 620.0 268.4 162.3 84.7 78.7 101.6
5 2.5 3 0.7 1250.0 1060.0 428.9 163.2 95.1 83.1 107.5
5 5 3 0.6 1550.0 1000.0 518.4 172.8 81.8 79.7 105.0
5 10 3 0.4 900.0 940.0 397.4 164.2 88.9 76.3 99.0




Table A .5 :  C o m p r e s s iv e  S tr en g th  r e su lts  for  a ll m ix tu r e s  te s te d  at 2 0 ° C
Micro- Size of Compressive Strength (% of Control)
C a C 0 3 micro- ■' ■"■■■ "■ ■— —
Content
(% )
C a C 0 3
(pm) 6 hrs 8 hrs 10 hrs 12 hrs 24 hrs 3 days 7 days 28 days
0 — 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
0 — 971.4 438.5 298.6 249.1 161.9 101.6 105.5 93.8
0 — 1428.6 557.7 320.8 294.3 161.4 100.6 105.9 90.3
0 — 3285.7 730.8 381.9 304.7 167.7 89.1 105.2 98.3
0 — 3248.6 807.7 376.4 305.7 170.4 82.2 92.1 88.6
5 0.7 185.7 113.5 138.9 138.7 98.9 125.5 117.4 106.7
10 0.7 200.0 128.9 113.0 134.9 108.7 125.8 104.0 103.2
15 0.7 571.5 296.2 192.4 191.5 108.3 115.0 97.8 100.9
5 6 114.3 50.0 75.0 96.7 91.9 135.9 105.5 105.3
10 6 100.0 138.5 116.7 131.2 97.4 137.9 95.8 102.0
15 6 142.9 94.2 80.6 112.3 95.1 124.5 89.1 100.9
5 12 142.9 163.5 161.1 167.0 101.4 126.4 99.1 93.8
10 12 57.2 11 1.6 132.7 141.5 94.9 107.2 87.2 91.5
15 12 100.0 140.4 134.0 158.0 106.5 123.5 73.0 90.6
2.5 3 457.2 296.2 184.1 174.6 122.2 137.8 104.4 105.4
5 3 128.6 76.9 93.1 114.6 103.5 132.0 108.4 103.1
10 3 128.6 111.6 133.4 147.2 101.9 125.9 98.0 100.3
15 3 171.5 142.3 126.4 141.5 97.0 116.7 92.5 97.3
2.5 3 371.5 377.0 220.9 216.1 121.6 126.6 102.7 97.4
5 3 685.8 359.7 228.5 180.2 108.4 93.7 92.0 82.3
10 3 714.4 344.3 200.7 188.7 92.0 91.8 87.7 88.9
15 3 428.6 248.1 172.2 167.0 81.6 112.8 86.0 85.0
2.5 3 714.4 494.3 257.0 203.8 108.1 113.7 97.4 100.0
5 3 1014.4 467.4 260.5 221.7 111.8 98.5 61.8 100.6
10 3 700.1 336.6 204.9 189.7 111.9 120.1 85.2 98.6
15 3 571.5 288.5 174.3 158.5 87.9 107.0 96.6 91.0
-uO'
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Table A.6: Drying shrinkage results for all mixtures tested at 10°C
N an o-  
C a C 0 3 
C on ten t  (%)
M icro-  
C a C 0 3 
C on ten t  (%)
Size o f D rying  S h r in k age  (he)
C a C 0 3 (fxm)
1 dav 2 days 3 days 4 days 5 days 6 days 7 days
0 0 — 0.0 -198.8 -285.7 -367.9 -447.6 -511.9 -578.6
2.5 0 — 0.0 -194.0 -269.0 -356.0 -426.2 -495.2 -569.0
5 0 — 0.0 -217.9 -295.2 -356.0 -409.5 -476.2 -535.7
10 0 ~ _* — * _*
15 0 - - _* _* — * _* _*
0 5 0.7 0.0 -107.1 -153.6 -310.7 -414.3 -446.4 -500.0
0 10 0.7 0.0 -192.9 -296.4 -353.6 -407.1 -510.7 -571.4
0 15 0.7 0.0 -146.4 -271.4 _* ♦ -414.3 -471.4 -564.3
0 5 6 0.0 -64.3 -142.9 -275.0 -339.3 -378.6 -442.9
0 10 6 0.0 -217.9 -310.7 -378.6 -428.6 -510.7 -571.4
0 15 6 0.0 -200.0 -332.1 _* * -442.9 -507.1 -578.6
0 5 12 0.0 -182.1 -250.0 -417.9 -492.9 -571.4
0 10 12 0.0 -200.0 -253.6 -414.3 — ** -492.9 -571.4
0 15 12 0.0 -211.9 -265.5 -408.3 * -483.3 -561.9
0 2.5 3 0.0 -188.1 -281.0 -356.0 -410.7 -473.8 -498.8
0 5 3 0.0 -208.6 -350.0 -430.0 -475.0 -510.0 -540.0
0 10 3 0.0 -210.7 -353.6 -410.7 -453.6 -488.6 -518.6
0 15 3 0.0 -214.3 -353.6 -410.0 -453.6 -524.3 -574.3
2.5 2.5 3 0.0 -171.4 -235.7 -339.3 -406.0 -448.8 -498.8
2.5 5 3 0.0 -119.0 -200.0 -250.0 -302.4 -350.0 -378.6
2.5 10 3 0.0 -123.8 -173.8 -261.9 -326.2 -369.0 -409.5
2.5 15 3 0.0 -138.1 -195.2 -285.0 -350.0 -392.9 -438.1
5 2.5 3 0.0 -203.6 -279.8 -358.3 -422.6 -481.0 -501.2
5 5 3 0.0 -208.3 -277.4 -332.1 -386.9 -438.1 -485.0
5 10 3 0.0 -210.7 -279.8 -322.6 -384.5 -445.2 -503.6
5
*  K l ~  ~  11 ~
15 3 0.0 -208.3 -270.2 -315.5 -365.0 -409.5 -482.1
** D ata o m itted  d ue to  error  in te s t in g
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T a b le  A.7: M ass lo ss  r e su lts  for all m ix tu res  te s te d  a t 10°C
N ano-  
C a C O j  
C on ten t  (% )
M icro-  
C a C 0 3 
C on ten t  (% )
Size  o f  
m icro-  
C aC O j  
(fim)
M ass Loss (% )
1 day 2 days 3 days 4 days 5 days 6 days 7 days
0 0 — 0.00 -1.40 -1.66 -1.82 -1.91 -1.99 -2.03
2.5 0 — 0.00 -1.55 -1.83 -2.02 -2.13 -2.22 -2.26
5 0 — 0.00 -1.66 -1.97 -2.15 -2.25 -2.32 -2.38
10 0 — _* _* — * _* _*
15 0 — —• _* — *
0 5 0.7 0.00 -1.82 -2.09 -2.33 -2.45 -2.51 -2.59
0 10 0.7 0.00 -1.80 -2.14 -2.28 -2.44 -2.48 -2.59
0 15 0.7 0.00 -1.80 -2.12 -2.42 -2.50 -2.54
0 5 6 0.00 -1.45 -1.74 -1.96 -2.06 -2.18 -2.25
0 10 6 0.00 -1.93 -2.25 -2.41 -2.56 -2.53 -2.65
0 15 6 0.00 -1.81 -2.13 -2.36 -2.45 -2.47
0 5 12 0.00 -1.86 -2.23 -2.37 -2.52 -2.58
0 10 12 0.00 -1.90 -2.28 -2.41 _* * -2.57 -2.63
0 15 12 0.00 -2.03 -2.44 -2.55 _* * -2.75 -2.77
0 2.5 3 0.00 -1.64 -1.94 -2.08 -2.14 -2.14 -2.19
0 5 3 0.00 -1.82 -2.04 -2.26 -2.38 -2.45 -2.48
0 10 3 0.00 -1.94 -2.23 -2.42 -2.53 -2.57 -2.67
0 15 3 0.00 -1.83 -2.16 -2.34 -2.44 -2.46 -2.55
2.5 2.5 3 0.00 -1.47 -1.75 -1.91 -1.97 -1.98 -2.03
2.5 5 3 0.00 -1.75 -2.10 -2.30 -2.38 -2.42 -2.47
2.5 10 3 0.00 -1.78 -2.12 -2.30 -2.38 -2.43 -2.47
2.5 15 3 0.00 -1.77 -2.09 -2.27 -2.33 -2.37 -2.41
5 2.5 3 0.00 -1.56 -1.87 -2.04 -2.11 -2.13 -2.16
5 5 3 0.00 -1.90 -2.17 -2.30 -2.39 -2.44 -2.48
5 10 3 0.00 -1.91 -2.24 -2.38 -2.50 -2.55 -2.60
5 15 3 0.00 -1.81 -2.13 -2.27 -2.39 -2.44 -2.48
** Data o m itted  d ue to  error  in te s t in g
oc
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T a b le  A .8: D ry in g  sh r in k a g e  r e su lts  for  all m ix tu r e s  t e s t e d  a t 20°C
N a n o - M icro -
S ize  o f  
m icro -  
C a C 0 3 
( Hm)
D r y in g  S h r in k a g e  (jie)
C a C 0 3 
C o n te n t  (% )
C a C 0 3 
C o n te n t  (% ) 1 day 2 days 3 days 4 days 5 d ays 6 days 7 days
0 0 — 0.0 -325.0 -507.1 -610.7 -680.0 -721.4 -750.0
2.5 0 - 0.0 -214.3 -325.0 -392.9 -457.1 -489.3 -510.7
5 0 — 0.0 -219.0 -319.0 -411.9 -467.3 -500.0 -528.0
10 0 — 0.0 -219.0 -286.9 -367.9 -428.6 -457.1 -483.3
15 0 — 0.0 -221.4 -278.6 -367.9 -410.7 -446.4 -467.9
0 5 0.7 0.0 -289.3 -417.9 -498.8 -541.7 -577.4 -595.2
0 10 0.7 0.0 -267.9 -417.9 -489.3 -528.9 -549.1 -568.6
0 15 0.7 0.0 -253.6 -378.6 -464.3 -509.5 -527.4 -546.9
0 5 6 0.0 -245.9 -381.6 -467.3 -510.1 -538.1 -560.7
0 10 6 0.0 -242.9 -371.4 -432.1 -479.3 -501.9 -511.5
0 15 6 0.0 -239.3 -339.3 -410.7 -460.7 -489.3 -495.5
0 5 12 0.0 -372.1 -450.7 -511.4 -529.3 -543.6
0 10 12 0.0 _* * -353.6 -439.3 -510.7 -528.6 -564.3
0 15 12 0.0 -228.2 -332.9 -418.6 -469.5 -497.1 -502.3
0 2.5 3 0.0 -294.0 -425.0 -516.7 -565.5 -607.1 -635.7
0 5 3 0.0 -215.1 -375.9 -447.3 -486.6 -525.9 -533.0
0 10 3 0.0 -214.3 -351.2 -416.7 -462.7 -494.8 -518.2
0 15 3 0.0 -217.9 -328.6 -395.2 -445.2 -473.8 -494.3
2.5 2.5 3 0.0 -279.8 -417.9 -507.1 -563.1 -595.2 -626.2
2.5 5 3 0.0 -248.8 -409.5 -520.2 -561.9 -614.3 -649.9
2.5 10 3 0.0 -229.8 -392.9 -494.0 -542.9 -585.7 -616.6
2.5 15 3 0.0 -215.5 -390.5 -503.6 -547.6 -581.0 -626.1
5 2.5 3 0.0 -267.9 -408.3 -507.1 -541.7 -592.9 -621.4
5 5 3 0.0 -232.1 -406.0 -495.2 -529.0 -569.0 -600.0
5 10 3 0.0 -229.8 -422.6 -504.8 -545.7 -585.7 -610.0
5 15 3 0.0 -206.0 -375.0 -461.9 -493.3 -533.3 -560.0
** D ata o m itte d  d u e  to  e r ro r  in  te s t in g
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T a b le  A .9: M ass lo s s  r e su lts  for  all m ix tu r e s  t e s te d  a t 20°C
N a n o -  
C a C O ,  
C o n te n t  (% )
M icro -  
C a C O j  
C o n te n t  (% )
Size  o f  
m icro -  
C a C 0 3 
(Mm)
M ass  L oss  (% )
1 day 2 days 3 days 4 d ays 5 days 6 days 7 days
0 0 — 0.00 -1.75 -2.11 -2.30 -2.43 -2.53 -2.61
2.5 0 — 0.00 -0.79 -0.99 -1.15 -1.24 -1.32 -1.38
5 0 — 0.00 -0.81 -1.01 -1.17 -1.27 -1.35 -1.41
10 0 -- 0.00 -0.83 -1.07 -1.24 -1.36 -1.44 -1.51
15 0 - 0.00 -0.96 -1.21 -1.42 -1.55 -1.65 -1.74
0 5 0.7 0.00 -1.50 -1.85 -2.05 -2.18 -2.26 -2.34
0 10 0.7 0.00 -1.47 -1.78 -1.98 -2.08 -2.21 -2.31
0 15 0.7 0.00 -1.35 -1.77 -1.91 -2.08 -2.13 -2.21
0 5 6 0.00 -1.77 -2.14 -2.33 -2.45 -2.53 -2.63
0 10 6 0.00 -1.74 -2.02 -2.19 -2.33 -2.38 -2.52
0 15 6 0.00 -1.64 -2.05 -2.24 -2.35 -2.45 -2.54
0 5 12 0.00 -1.47 -1.79 -1.99 -2.10 -2.18 -2.29
0 10 12 0.00 -1.57 -1.91 -2.13 -2.24 -2.32 -2.41
0 15 12 0.00 -1.55 -1.91 -2.12 -2.23 -2.33 -2.43
0 2.5 3 0.00 -1.27 -1.53 -1.70 -1.82 -1.89 -1.98
0 5 3 0.00 -1.58 -1.92 -2.07 -2.18 -2.28 -2.34
0 10 3 0.00 -1.55 -1.85 -2.02 -2.14 -2.26 -2.35
0 15 3 0.00 -1.53 -1.86 -2.02 -2.17 -2.28 -2.37
2.5 2.5 3 0.00 -1.34 -1.62 -1.80 -1.92 -2.02 -2.08
2.5 5 3 0.00 -1.25 -1.54 -1.71 -1.82 -1.92 -1.99
2.5 10 3 0.00 -1.29 -1.58 -1.75 -1.84 -1.94 -2.02
2.5 15 3 0.00 -1.48 -1.81 -1.98 -2.10 -2.21 -2.28
5 2.5 3 0.00 -1.22 -1.50 -1.68 -1.80 -1.90 -1.99
5 5 3 0.00 -1.51 -1.87 -2.05 -2.15 -2.24 -2.33
5 10 3 0.00 -1.64 -2.02 -2.20 -2.32 -2.41 -2.51
5 15 3 0.00 -1.58 -1.96 -2.15 -2.26 -2.36 -2.45
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